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1.1 Green Chemistry 
Green chemistry is an enormous research field. Among its subtopics, implementing 
the known greenhouse gas CO2 in chemical research and industry is only one of many 
targets. During the last century, many developments have been achieved, which 
changed industrial processes toward greener production. The following section de-
scribes the basic principles of green chemistry. First, the major target is the solvent 
optimization applying for large-scale industrial processes. Ideally, no solvent should be 
necessary (so-called neat reaction conditions), but in most cases reaction kinetics are 
facilitated due to solvation effects and an increase of the molecule’s mobility. There-
fore, if the presence of a solvent is indispensable, it should be non-volatile for not pol-
luting the environment e.g. as greenhouse gas, neither harmful or toxic nor corrosive. 
For instance, the use of the previously widely employed solvents benzene and CCl4 is 
decreasing and simple water, alcohols and ketones are favored nowadays (and can 
ideally be obtained from biomass).[1] 
Moreover, it is desirable that reactants are solubilized while products precipitate for an 
easy separation, thus enabling easy continuous reaction setups with the reactor design 
being one more important concept of green chemistry.[2] The solvation also favors the 
shift of the reaction equilibrium according to Le Chatelier’s principle. Another target of 
green chemistry is the use of catalysts reducing the activation energy for transition 
states during a reaction, thus lowering the energy demand. Ideally, this catalyst should 
be cheap, non-toxic and stable. Especially non-toxicity is an important property when 
it comes to the production of fine chemicals and pharmaceuticals, which are usually 
not allowed to contain even traces of the usually utilized transition metals. Heteroge-
neous catalysts have the benefit of being easily separable from the reaction mixture. 
Yet, homogeneous catalysts are often much more selective and versatile. Reaction 
conditions should be generally mild, such as ambient pressure and room temperature 
in order to avoid additional heating or cooling. Nevertheless, industrial processes are 
preferred to be examined at slightly elevated temperature for an easier temperature 
control during exothermic reactions.[3]  
But not only the already mentioned solvent molecules can act as greenhouse gases. 
The most prominent greenhouse gas is carbon dioxide, which is called to account for 
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the anthropogenic climate change. Albeit on the one hand CO2 is non-toxic and ubiq-
uitious in nature as part of the global carbon cycle and important for the growth of 
plants through photosynthesis at first glance, its major disadvantage is the absorption 
of light within the infrared spectrum emitted by the earth’s surface on the other hand. 
Thus, it is responsible for retaining a part of the energy input from the sun on the earth 
leading to an average increase of the global temperature.[4] 
In 2010, the CO2 level in the atmosphere already reached 385 ppm and rose to 
413 ppm in 2020, which is about 40% higher than compared to the pre-industrial age 
mainly caused by power generation, transportation, industry and agriculture. Moreover, 
the heating effect of CO2 causes other known greenhouse gases to evolve. For in-
stance, water evaporates from the oceans and methane (dissolved in greater waters) 
is released or ascends from permafrost or frozen deep-sea reservoirs in which it is 
stored as methane hydrates. Hence, it is evident that several different measures have 
to be considered by the society (by using renewable energy resources to an increasing 
extend), via application of green chemistry principles in the industry, but also through 
storage of the already emitted CO2.[5] 
This latter option of storing CO2 is abbreviated as CCS for carbon capture and storage 
utilizing techniques for the sequestration of CO2 from flue gas and others. However, 
similar problems compared to nuclear waste occur like finding suitable and safe repos-
itories and the financial costs of such methods are quite prohibitive.[6] To circumvent 
treating CO2 as an undesired waste product, the development of carbon capture and 
utilization (CCU) has been promoted. This technique is based on only temporary stor-
age of CO2 for a further utilization usually as C1 synthon. This approach offers the 
combination of reducing the emission of that greenhouse gas and converting CO2 to 
valuable chemicals from a renewable and cheap resource. To date, only around 
0.12 gigatons are annually utilized in contrast to the total anthropogenic CO2 emissions 








1.2 CO2 Fixation Reactions 
This CCU technology makes CO2 an easily available and sustainable C1 synthon ra-
ther than a waste product and allows industrial processes to recycle it on larger 
scale.[7a,8] However, its high thermodynamic stability and high kinetic stability hinder 
wider applications. This ows to the fact that the carbon atom of CO2 is in the highest 
possible oxidation state and thus only prone to reduction reactions. This also results in 
an exclusion of reactions with a transient oxidation of the carbon center like in oxidative 
additions to metal centers. Although CO2 possesses two very polar bonds with an elec-
tronegativity difference of 0.9 between the electrophilic carbon and the nucleophilic 
oxygen, the molecule as a whole does not exhibit any dipole moment because of its 
linear structure. Hence, inducing reactivity might be accomplished by reducing its sym-
metry via addition to a catalyst or activator. Albeit high pressures are a major safety 
concern in industrial processes, using supercritical CO2 for lowering kinetic barriers or 
applying high temperatures could help to overcome thermodynamic barriers.[7a–c,7e–h,9] 
However, especially the approach of applying high temperature and pressure led to 
some early industrial processes utilizing CO2, e.g. the Kolbe-Schmitt reaction, which 
was invented in 1874. During this reaction a phenolate is carboxylated under high pres-
sure and temperature in ortho position and subsequently acidified to yield salicylic acid, 
which can undergo further acetylation toward aspirin.[10] Moreover, the synthesis of 
urea, an important fertilizer and intermediate in chemical industry from CO2 and NH3 
at around 200 bar and 200 °C, was patented 100 years ago.[11]  
Another large-scale CO2 fixation process is the synthesis of carbonate polymers, in 
which CO2 in the form of a carbonate monomer replaces the toxic and carcinogenic 
formaldehyde, which polycarbonates are usually made of. CO2 reacts with an epoxide 
like oxirane (ethyleneoxide) to a cyclic carbonate, which is prone to ring-opening with 
methanol and further reaction with phenol to diphenylcarbonate. Excess phenol can 
be recovered during the later process. The so-produced diphenylcarbonate polymer-
izes with bisphenol A to polycarbonates providing about 15% of the worldwide pro-
duced carbonate-based polymers. Although a lead catalyst is used, this process can 
be considered a green chemistry example, since the catalyst is sufficiently separated 




Besides large industrial processes as exemplified above, a lot of research was also 
undertaken for CO2 fixation on smaller scale with a plethora of reactive substrates ac-
tivating CO2. Examples are the already mentioned epoxides, but also organometallic 
reagents, alcohols, amines, alkynes and alkenes enable the formation of new C–O,  
C–N and C–C bonds, respectively.[13] Those reactions yielded several different valua-
ble chemicals such as urea, formic acid, methanol, cyclic carbonates, lactones, carba-
mates and salicylic acid. Several of these reactions are conducted on industrial scale 
as well.[14] Moreover, synthesizing carboxylic acids using CO2 as C1 synthon via C–H 
bond functionalizations or reactions with C–X bonds has also gained high interest 
within organic chemistry.[15] 
During the last two decades, a plethora of transition metal catalysts along with transi-
tion metal-free homogeneous reactions was developed for CO2 fixation reactions lead-
ing to sustainable syntheses of pharmaceutically active molecules and fine chemicals 
(Scheme 1).[7c–f,7h,13b–d,13g,15e–f,16] 
For example, in 2004, García et al. developed a method for the cycloaddition of CO2 
to epoxides with an ionic liquid. Unfortunately, high amounts of base additive (4-(dime-
thylamino)-pyridine, DMAP) and a heavy metal complex as catalyst at high tempera-
tures and CO2 pressures were required while suffering from low conversions and by-
product formation of phenylglycol.[16i] Three years later, Li and coworkers described 
the oxidative addition of CO2 to terminal alkenes with alkyl and aromatic moieties. N-
bromosuccinimide (NBS) was used as a catalytic bromide source facilitating the per-
oxide formation with overstoichiometric amounts of H2O2 in situ. Yet, NBS was used 
not in catalytic but stoichiometric amounts along with a basic additive (1,8-diazabicy-
clo[5.4.0]undec-7-ene, DBU) in even greater amounts.[3d] 
In 2013, the research group of Leitner published a study about the reductive carboxy-
lation of alicyclic and alkyl olefins (both terminal and internal ones) for the synthesis of 
alkyl carboxylic acids and directly reduced starting materials resulting in alkane by-
products. This reaction was facilitated by high temperatures and gas pressures for both 
CO2 and H2, a rhenium catalyst, an acidic promotor and methyl iodide (MeI) as addi-
tive.[7f] Two years later Martin et al. disclosed their work about the hydrocarboxylation 
of alkynes yielding alkenyl carboxylic acids as cis-isomers exclusively. A nickel catalyst 
with a bipyridine ligand (bipy) was employed along with elemental manganese as re-
ductant and iso-propanol (iPrOH) as hydrogen donor. Albeit this procedure lacks atom 
economy, it can be considered a green approach using almost only cheap catalysts 
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and additive materials with low toxicity (apart from the solvent N,N-dimethylformamide, 
DMF).[16f] 
 
Scheme 1: Overview of different recent CO2 fixation reactions. 
The research group of Cantat showed the formylation of secondary amines to forma-
mides with phenylsilane as hydrogen source and TBD (1,5,7-triazabicyclo[4.4.0]dec-
5-ene) as organocatalyst. After first attempts with THF (tetrahydrofurane) as solvent 
they found that neat reaction conditions and increasing the temperature to 100 °C 
yielded higher formamide amounts.[13b] Later on, Dyson et al. took the same reaction 
yet broadening the scope of substrates and exchanging TBD by an NHC catalyst (N-
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heterocyclic carbene). Here, the reaction temperature and CO2 pressure were lower, 
but this was achieved by longer reaction times and the necessity of solvation by 
DMF.[13g] As a last example, Ackermann and Fenner presented the carboxylation of  
C–H bonds in heteroaromatics but without the use of a transition metal catalyst. CO2 
at atmospheric pressure in the presence of overstoichiometric amounts of the strong 
base KOtBu (potassium tert-butoxide) provided the intermediate carboxylate at high 
temperature after overnight reaction in DMF. This intermediate was methylated with 
relatively high amounts of MeI yielding the heterocyclic carboxylic acid ester prod-
uct.[16h] 
 
1.3 CO2-Catalyzed Reactions 
Except for the fixation of CO2 onto organic molecules as described above, its utilization 
also covers the use of CO2 as a catalyst. Depending on the terminology used and its 
actual role within the mechanism, these reactions are also described as CO2-mediated, 
CO2-promoted or CO2-assisted. In a narrower sense, CO2 is considered a promoter or 
mediator when it is present besides the actual catalyst yet positively influencing the 
reaction e.g. by means of kinetics and selectivity. However, it can still fulfill the require-
ments as a catalyst through lowering the activation energy of the reaction while not 
being consumed itself. This was observed e.g. by Aresta et al. when ring-opening of 
THF was more efficient in the presence of a mixture of CO2 and O2 compared to O2 
alone.[17] Nevertheless, due to a lack of mechanistic insights those mentioned terms 
are usually used as synonyms yet.[18] 
A patented application utilizing CO2 as a catalyst was filed by the Shell Oil Company 
in 1968. Although acrolein is usually quite reactive, this method describes its selective 
reaction even under elevated pressure and temperature (up to 15 bar and 100 °C) with 
alcohols toward 3-alkoxypropanal derivatives. Consequently, when water is used in-
stead of an alcohol, 3-hydroxypropanal is obtained. Instead of CO2 other organic com-
pounds could also catalyze this reaction. However, the inherent properties of CO2 
make it a good and cheap catalyst, which is easily separable from the reaction mixture 
in form of a gas while not further contaminating the product stream. Nevertheless, 
mechanistic considerations are not included.[19] 
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Besides this single early application, CO2-catalyzed reactions are thriving fast recently 
because of their strong potential to replace toxic chemicals by a sustainable and re-
newable resource. In fact, by using the concept of CO2 catalysis, the rearrangement of 
propargyl alcohols leading to enones or ketols, the reduction of sulfoxides to sulfides, 
the direct C–H allylation of ketones in α-position, the C–H arylation of amines and the 
dehydrogenation of glucose to 5-hydroxymethylfurfural (HMF) have been described 
already, among others.[20] Several dozens of those CO2-catalyzed reaction methodol-
ogies have been described during the last 15 years, of which some even show inter-
esting mechanistic implications. A publication by Yamada et al. describes the CO2-
catalyzed rearrangement of propargyl alcohols to enones in formamide as solvent with 
the byproducts being cyclic carbonates derived from the reaction of CO2 with the sub-
strate (Scheme 2). A base deprotonates the alcohol, which is attacking the electro-
philic carbon center of CO2 and a silver salt facilitates the activation of the triple bond 
by coordination. The following attack of the carboxylate moiety decides whether a cy-
clic carbonate is generated (α-position) or the rearrangement happens via a nucleo-
philic attack at the β-position. The rearrangement triggers CO2 to be released from the 
allene intermediate and the formation of the enone product. Albeit the use of CO2 as 
catalyst is convincing by means of green chemistry, this reaction relies on a harmful 
silver salt and produces a byproduct in higher amounts.[20a] Different products (namely 
α-hydroxy ketones) were obtained by Qi and coworkers from similar substrates, alt-
hough a similar reaction system was used: The reaction system differed in a few de-
tails, namely the amount of DBU used, the counterion of the Ag+ source, the CO2 pres-
sure and a water-acetonitrile mixture as solvent. More importantly, differing reaction 
temperatures triggered this event. These slight changes of the reaction initially led to 
the desired formation of cyclic carbonate intermediate, which was then ring-opened 
upon heating to form the actually desired α-hydroxy ketone. However, cyclic car-
bonates were also observed as byproducts. 
The List group disclosed their work about the direct α-allylation of ketones in 2016. 
Albeit the mechanism was not clarified, they stated that a pre-equilibrium of an allylic 
alcohol with CO2 yielded an intermediate carbonic acid hemiester as also inde-
pendently proposed by Tunge et al. two years earlier.[21] This CO2-activated intermedi-
ate transforms the hydroxyl group of the alcohol into a better leaving group thus facili-
tating its reaction with a cyclohexanone derivative after oxidative addition to a palla-
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dium catalyst with phosphine ligands by water elimination. Addition of an (S)-configur-
ated phosphoric acid derivative provided the products enantioselectively.[20e] Young 
and coworkers recently developed the palladium-catalyzed C–H arylation of amines 
exploiting the fact that CO2 can form ammonium salts with 2 equivalents (eq) of 
amines. The authors hypothesized that this carbamate anion might serve as directing 
group although they admit that further studies would be necessary. Furthermore, the 
undertaken screening of different bases and especially the final choice of the rather 
seldomly used silver trifluoroacetate as basic additive, especially in overstoichiometric 
amounts, in combination with acetic acid as solvent were not further discussed. 
 
Scheme 2: Overview over recent CO2-catalyzed reactions. 
Recently, two differnet working groups proposed different yet rather simple proce-
dures: First, He et al. published an interesting work about the green reduction of both 
aromatic and aliphatic sulfoxides to sulfides. Albeit elemental metals such as Fe were 
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used as reductants, water was the terminal hydrogen source since the reaction ex-
ploited the equilibrium of CO2 and water forming carbonic acid thus facilitating the 
deprotonation of water. These protons are then expected to be reduced at the metal 
surface subsequently deoxygenating the sulfoxide substrates. The only drawback, 
apart from the overstoichiometric metal reductant, was the use of an autoclave for high 
pressure application, which was necessary in order to shift the already mentioned pre-
equilibrium. However, mechanistic investigations were not undertaken.[20b] Second, 
Jessop et al. published their work about the above-mentioned dehydrogenation of po-
tentially biomass-derived glucose or fructose with simple CO2 as catalyst and simple 
NaCl as additive yielding HMF, which can also be derived from other types of biomass. 
Thus, it is a transformation of an alicyclic compound to a heteroaromatic one, which 
can be used as synthon much easier than the starting material. The resulting aqeous 
phase containing the salt additive could even be recycled without a loss of reactivity. 
Notably, in the same year Jessop’s group also reported the further aldol condensation 
of HMF and acetone via CO2 catalysis, leading to linear alkane chains over several 
steps. However, the sustainability of this reaction is tarnished by its high temperature 
and pressure and the use of pentanol as a non-natural alcoholic solvent.[20d,22] In sum-
mary, the mechanisms of those newly explored CO2-catalyzed reactions are yet rela-
tively ambiguous and worth further investigations. 
 
1.4 Photochemistry 
Most of the energy used on earth has its origin in sunlight. This energy is utilized on 
the one hand in nature, exemplified by photosynthesis, and on the other hand by the 
technical use of renewable energy sources, namely solar heat and photovoltaics. 
Chemistry and chemical processes usually rely on secondary energy sources and en-
ergy conversion techniques like generated electricity for heating. Because every step 
of such processes is accompanied by a loss of energy, the direct utilization of incident 
sunlight would be highly beneficial in sustainable chemistry and taking action against 
the climate change. Because of the high impact of this research direction, Ciamician 
published his visions of the replacement of coal by energy from sunlight more than 100 
years ago.[23] However, only humble progress within the field of photochemistry was 
published during the following decades. An example is the Paternò-Büchi reaction de-
scribing the [2+2] cycloaddition of carbonyl compounds and alkenes under irradiation 
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of ultraviolet light (UV), although it is not widely used anymore.[24] Nevertheless, pho-
tochemistry gained new attention during the oil crisis of the 1970s accompanied by a 
more sustainable mindset and is steadily increasing due to the climate change and the 
expected depletion of fossil fuels in the near future.[25] 
The first pioneering photocatalysts exhibited a heterogeneous semiconducting nature 
such as simple and harmless TiO2. Since then, a plethora of applications was found 
e.g. for waste water treatment and functionalization of C–H bonds within aromatics.[26] 
More recently, graphitic carbon nitride (gC3N4) was examined as photocatalyst, which 
is a polyaromatic polymer material based on melamine or urea.[27] The drawback of 
such semiconductor materials is the high energy irradiation needed to overcome the 
valence-conduction band gap for electrons. Besides, heterogeneous catalysts are in-
deed easier to separate from the reaction mixture but usually also less selective and 
productive than homogeneous ones. 
 
Scheme 3: General reaction scheme for photocatalytic reactions. 
Hence, many transition metal-based photocatalysts are currently examined and even 
explored as homogeneous photocatalysts. Mechanistic investigations about their ab-
sorption spectra and redox potentials allow further tuning by modification of the metal, 
its oxidation state and the used ligands in order to adapt for specific reactions. The 
most widely used catalyst is a relatively simple ruthenium complex with bipyridine lig-
ands, Ru(bipy)3Cl2, which is reported for cyclization, decarboxylation and activation of 
C–H bonds as well as oxidation and reduction reactions.[28] However, these homoge-
neous transition metal catalysts exhibit drawbacks such as the higher price of the met-
als and tedious syntheses of the ligands as well as the potential contamination of the 
product mixture with traces of heavy metals. Especially this contamination is prohibitive 
for the synthesis of pharmaceutically active drug molecules. In order to counter these 
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drawbacks, simple and less toxic organic molecules as photocatalysts – often used as 
dyes and stains – are an upcoming topic in photocatalysis. Because they combine non-
toxicity with easier availability and are partially derived from plants and other biomass, 
they are an interesting alternative for green chemistry approaches. Some will be further 
discussed as they were applied as photocatalysts in this thesis as well.[29] 
Since numerous reactions and reaction types are known using photocatalysis nowa-
days, only the general scheme of photocatalytic reactions is introduced here 
(Scheme 3). First, the photocatalyst is elevated to its excited state by irradiation of 
light. There are two possibilities of a photocatalyst’s subsequent reactivity, which is 
either the reduction of a substrate (A) accompanied with the oxidation of the catalyst 
itself, thus called oxidative quenching, or the oxidation of a substrate (A) accompanied 
with the reduction of the catalyst, thus called reductive quenching. In both cases, single 
electron transfer (SET) occurs forming radical species as intermediates in contrast to 
common acid-base electron pair chemistry. Whether oxidative or reductive quenching 
occurs depends on the redox potential of both the catalyst species and the respective 
substrate as well as solvent, pH value and other parameters. After this quenching step, 
a second substrate (B) reacts with the catalyst releasing it to its energetic ground state 
and forming the second either positively or negatively charged radical species. It is 
self-evident that radical-radical recombination of those two contrarily charged radical 
substrate intermediates occurs fast forming the desired product. Since charged radi-
cals are involved in photocatalytic as well as electrochemical processes, these reac-
tions are more selective and mild compared to common methods involving neutral rad-
icals such as free radical-mediated halogenation reactions. The beneficial reaction me-
chanics of this kind of reactions prompted us to design cheap and reliable reaction 
setups with the most commonly used blue light-emitting dioides (LEDs) described in 
chapter 3.2.3.[28a,29b,30] 
 
1.5 Generation of Carbamates 
While attention has been usually paid to CO2 fixation through C–C bond formation, the 
formation of carbon-heteroatom bonds is a rather emerging topic in organic chemis-
try.[7m,13g,15e–f,16b–f,31] Especially the formation of C–N bonds using CO2 as building block 
is a promising target aiming toward the synthesis of interesting natural products and 
drug molecules. In order to provide practical and widely applicable reaction protocols, 
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reaction conditions need to be milder, preferably at atmospheric pressure and low tem-
perature. 
 
Figure 1: Important drugs with organic carbamate structures (marked in red). 
For instance, C–N bond formation can be performed via formation of carbamates.[32] 
In general, organic carbamates with the general structural motif N–CO2R (see Fig-
ure 1) are an important structural moiety in agricultural context and for the synthesis 
of drug molecules.[33] Several pharmaceuticals are characterized by a carbamate back-
bone, such as ritonavir, used for the treatment of hepatitis C and HIV and currently 
even subjected to clinical trials against the novel SARS-CoV-2,[34] the enzyme inhibi-
tors entinostat[35] and URB-602 (the latter one will be discussed below) and the potas-
sium channel regulator retigabine.[36] Carbamates also play an important role in syn-
thetic organic chemistry, especially as intermediate structures for the protection of 
amino groups in peptide chemistry and as linkers in combinatorial chemistry.[37] Most 
common syntheses of organic carbamates need cumbersome and toxic reagents like 
phosgene or its derivatives or carbon monoxide leading to a higher operational com-
plexity.[38] Thus, replacing these toxic reagents by CO2 would be a highly sustainable 
and green approach.  
Hence, it is not surprising that several homogeneous and heterogeneous metal cata-
lysts based on Ru, Sn, Al and Au are already widely used for the conversion of amines 
and CO2 to carbamates.[39] Additionally, macrocyclic polyether and potassium super-
oxide can be used to improve reaction conditions by enhancing the nucleophilicity of 
the oxygen atom within the carbamate anion through weakening the ion–ion interaction 
of the carbamate anion and the corresponding ammonium cation.[40] Additionally, some 
inorganic and organic base-catalyzed or -mediated transition metal-free systems have 




Scheme 4: Literature examples for the metal-free reaction of amines with CO2 to car-
bamates. 
Selected examples of those transition metal-free catalytic systems for the synthesis of 
carbamates are mentioned here (see Scheme 4): In a work from 1995 published by 
McGhee et al., diamines could be used to generate dicarbamates with CO2, base and 
alkyl chlorides. The drawbacks are the exclusive use of diamines and overpressure up 
to 11 bar.[41e] Jung et al. presented a study, where CO2 was bubbled through the mix-
ture (at ambient pressure but still with a loss of most of the CO2 gas) containing 3 eq 
of each alkyl halide and Cs2CO3 as base.[41f] Yoshida et al. used high substrate 
amounts (0.25 mol amine) in an autoclave at 40 bar over 2 days but without any addi-
tional reagent. The use of only 0.5 eq of the halide and the resulting maximum yield of 
50% was not further justified though. Interestingly, in their case bromides provided the 
best yields compared to chlorides and iodides.[42] Later, they elaborated this method-
ology by testing different other halides and amines again at high temperatures up to 
120 °C and reaction times up to 96 h. Once more, the yields did not significantly ex-
ceed 50%.[43] In fact, alcohols can be used instead of halides too, but yields are drop-
ping significantly due to the high activation barrier of the used alcohols.[44] This was 
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demonstrated in 2018 when Ren and Rousseaux developed a system using alcohols 
instead of halides thus making a less harmful environmental impact. However, for gen-
erating the active key intermediate it was necessary to use dimethylsulfoxide (DMSO), 
the relatively weak base triethylamine (Et3N), the known superbase DBU and a strong 
acid (namely trifluoroacetic acid, TFA) at the same time in equimolar amounts decreas-
ing the impact of the green aspect of this reaction. Additionally, the reaction sequence 
consists of three independent steps.[45] 
Aziridines are another class of possible substrates – although comparably more diffi-
cult to synthesize – as demonstrated by Endo et al. with tosylated aziridines as sub-
strates leading to a cyclic carbamate, also known as 2-oxazolidinone. The drawback 
besides the difficult synthesis of the starting materials is the high reaction time and 
temperature and the use of an irritant and mutagenic solvent.[46]  
In summary, all of these methodologies include either notably harsh reaction condi-
tions, such as high reaction temperatures and/or pressures or the use of additional 
reagents and exhibit poor functional group tolerance. This drove us to the development 
of a new, effective, and chemoselective methodology, which works at room tempera-
ture and atmospheric pressure using CO2 as the carbon source. 
 
1.6 Alcohol Oxidation Methods 
An additional CO2 utilization approach besides its fixation onto molecules (e.g. as car-
bamate products) is the employment of CO2 as a soft oxidant or promoter for redox 
reactions. To date, utilizing CO2 in this way has only been governed by heterogeneous 
catalysts for oxidative dehydrogenation, oxidative coupling and oxidation of al-
kanes.[18,47] Besides that, homogeneous catalysts have rarely been exploited to utilize 
CO2 as soft oxidant and promoter, respectively.[48] Therefore, the development of other 
protocols using homogeneous catalysts, especially transition metal-free ones, would 
be adjuvant for this type of reactions due to their non-toxicity, cheaper price and ready 
accessibility. 
The oxidation of primary and secondary alcohols to their corresponding aldehydes and 
ketones, respectively, is one of the most important transformations in organic chemis-
try. Consequently, it has been studied for more than 50 years resulting in many scien-
tific review articles and even textbooks.[49] To attain selective oxidation methods as a 
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key for establishing green and sustainable chemical processes new methodologies are 
required, especially for the chemical industry.[50] Hence, several new reaction strate-
gies have been explored using transition metal-based catalysts in order to avoid 
equimolar oxidizing reagents using greener alternatives like H2O2 or O2 instead.[51] 
Since there is a plethora of these reactions nowadays, only some examples of such 
new (transition metal-catalyzed) oxidation reactions of alcohols is presented in 
Scheme 5. 
 
Scheme 5: Different alcohol oxidation methods sorted by their used catalyst or oxidant 
(Pd, Ru, H2O2, Cu), respectively. 
An early example was published by Tsuji et al. in 1985. They employed the known 
redox reaction of Pd(II) salts in alcoholic media toward Pd(0) while oxidizing the alcohol 
to the corresponding carbonyl compound. Previously used Cu salts or aryl halides as 
sacrificial oxidants for recovery of the Pd(II) catalyst were replaced by CCl4 in the pres-
ence of K2CO3 as additive.[52] Another example using a Pd catalyst published in 1997 
by Peterson and Larock already employs O2 as oxidant and DMSO as solvent. The 
proposed mechanism, which was clarified in 2002 by Stahl et al., is similar.[53] Another 
approach for the use of a greener oxidant is H2O2. The consequential difficulty is based 
on aqueous reaction media, which hardly dissolve the metal catalysts. Thus, Stark’s 
catalyst as phase transfer catalyst is necessary – while making it less attractive again – 
as Bortolini et al. demonstrated in 1985 and Noyori et al. 12 years later. The latter 
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procedure does not require a further solvent apart from the alcohol itself thus lowering 
the tungsten and Stark’s catalyst amount and, consequently, the environmental im-
pact.[54] However, nowadays oxygen gas is considered an important and green oxidant 
since it is cheap and ubiquitous. Hence, numerous approaches try to employ O2 for 
reactions, either by transition metal catalysts, TEMPO ((2,2,6,6-tetramethylpiperidin-1-
yl)oxyl) or even photocatalysis. For instance, in 2015 Samanta and Biswas explored 
the utilization of 3,6-di(pyridin-2-yl)-1,2,4,5-tetrazine as homogeneous organophoto-
catalyst for the oxidation of almost exclusively aromatic alcohols.[55] A broader scope 
of substrates was reached by Das et al. in 2018, albeit using simple and cheap flu-
orenone as catalyst.[56] And since a few years, even heterogeneous metal-free cata-
lysts such as covalent triazine networks can be utilized.[57] 
However, selected examples of non-photocatalytic methods are shown and discussed 
here as well (Scheme 5). Lahiri et al. presented a simple methodology yet employing 
a ruthenium catalyst driving the chemical equilibrium to the product side by using mo-
lecular sieves but no other additive.[58] An example for heterogeneous catalysts – but 
still employing Ru – was published by White et al., who used immobilized RuO2 
nanoclusters on zeolite. The reaction itself is rather simple, even employing O2 from 
air as oxidant. However, synthesis of this special catalyst is difficult and requires longer 
reaction times over several steps.[59] More recently, cheaper copper catalysts gained 
attention within the scientific community. For instance, in 2004 Markó et al. developed 
a Cu(I)-catalyzed alcohol oxidation method. The catalyst is a complex of CuCl, 1,10-
phenanthroline (phen) and di-tert-butyl azodicarboxylate (DBAD). Additionally, catalytic 
amounts of KOtBu and an additional base as additives play the major role.[60] Another 
yet more simple copper-based methodology was presented by Lokhande et al. in 2012. 
Albeit CuCl2 is cheap, 2 equivalents had to be used to accomplish high yields. Besides, 
almost all substrates were aromatically activated.[61]  
As already mentioned, TEMPO is a greener way to activate O2 as oxidant since it is a 
non-toxic and air-stable stabilized radical, thus easy to handle, with a high affinity to 
O2 molecules. For this reason, it is not surprising that TEMPO has been employed – 
yet mostly along with transition metal catalysts or toxic nitrites – for oxidation reactions 
since several decades so just some selected examples are shown here (Scheme 6). 
In 2000, Knochel et al. published the use of CuBr with a perfluoroalkylated bipy ligand 
in perfluorated alkane solvents.[62] This type of Cu(I)/TEMPO-catalyzed reaction was 
further developed by Stahl and coworkers, who also explored the mechanism later 
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on.[63] After that, a less complex tetradentate ligand for the copper center and toluene 
as solvent were employed by Punniyamurthy et al.[64] However, an approach bearing 
lower operational complexity is the use of simple metal salts as published by Misci et 
al. in 2001: Co-catalysis of manganese and cobalt nitrates along with TEMPO con-
verted alcohols to their corresponding carbonyl compounds almost quantitatively.[65] In 
contrast to these methodologies, in 2004 Hu et al. reported the use of elemental bro-
mine and sodium nitrite. Albeit no transition metal was used, two toxic compounds were 
necessary for the reaction to occur, thus ruling out this reaction procedure for a green 
chemistry approach, too.[66] Other studies of the same group followed replacing Br2 
with the toxic 1,3-dibromo-5,5-dimethylhydantoin.[67] One year later, the group of Liang 
replaced Br2 by another transition metal introducing FeCl3 in this type of reaction[68] 
and later again replaced Br2 by HCl as a metal-free way.[69] After that, Hu group again 
published their progress as tert-butyl nitrite was sufficient along with TEMPO.[70] 
Since TEMPO is an expensive chemical that is scarcely used in industry, Karimi et al. 
immobilized it through linking with silica gel on a copolymer consisting of ethylene ox-
ide and propylene oxide.[71a]  
 
Scheme 6: Different alcohol oxidation methods utilizing TEMPO. 
Most of the listed oxidation reactions are transition metal-catalyzed, which implies se-
vere drawbacks or the strict requirement of special reaction conditions, low catalyst 
loadings and the use of expensive metal catalysts and ligands. Moreover, tedious re-
moval of trace amounts of transition metal residues of the catalyst from the product 
mixture can be expensive and challenging yet crucial, especially for pharmaceutical 
molecules. Compared to transition metal-catalyzed oxidation systems, transition metal-
free systems are highly appealing due to their cheaper price, their non-toxicity and the 




Regardless of the progress that has been made in the field of catalyzed oxidation re-
actions, a publication by Pfizer’s medicinal chemists from 2008 showed that the three 
most popular oxidation methods for alcohols to the corresponding carbonyls used at 
Pfizer are the Dess-Martin oxidation using periodinane or its precursor 2-iodoxyben-
zoic acid as oxidants, the Swern oxidation and the TPAP/NMO system.[72] Moreover, 
there are a few other methods similar to the Swern oxidation known in organic chem-
istry, in which DMSO acts as the oxidant, mainly the Pfitzner-Moffatt oxidation, the 
Parikh-Doering oxidation and the Albright-Goldman oxidation, which are shown in 
Scheme 7.[73] The reduced byproduct in all of these oxidations is dimethyl sulfide 
(DMS), a valuable product e.g. acting as sulfidation agent in olefin production, for pre-
sulfiding of catalysts, as an ingredient in odorants or as fuel additive.[74] Albeit these 
methodologies are widely established for the production of pharmaceuticals, they ex-
hibit poor atom efficiency being reflected in a huge excess of promoters and bases, 
the involvement of toxic reagents (e.g. oxalyl chloride) and significant scale-up difficul-
ties. Therefore, the oxidation of alcohols to carbonyl compounds is still circumenvented 
by the pharmaceutical industry, although being a fundamentally important reaction.[72a]  
 
Scheme 7: Transitional metal-free oxidation reactions.  
In conclusion, using green and non-toxic reagents and minimizing the amount of re-
leased byproducts should be the main aim for a greener and more sustainable ap-
proach.[75] For this purpose, CO2 as an abundant and non-toxic promoter for oxidation 
reactions has gained tremendous interest, e.g. for the oxidative coupling of methane, 
the oxidative dehydrogenation of alkanes and alkyl aromatics, the oxidative coupling 
and oxidation of alkanes etc.[18,46] The drawback is its high thermodynamic stability and 
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kinetic stability, which encumbers its wider application.[7k–l,7m,13a,c,g,15e–f,16a–f,h,31e] More-
over, so far homogeneous catalysts rarely have been explored for the use of CO2 as a 
soft promoter in oxidation reactions.[49a,76] In order to overcome these limitations, a 
transition metal-free oxidation methodology with CO2 as promoter for the chemoselec-
tive transformation of alcohols to their corresponding carbonyl derivatives was devel-
oped. 
 
1.7 Generation of α-Diketones 
The procedure of CO2-catalyzed alcohol oxidation reactions described in chapter 1.6 
and 3.2.1 was extended utilizing CO2 as an oxidation promoter for the synthesis of      
α-diketones directly from aldehydes. These α-diketones serve as important backbones 
and intermediates and are often used as building blocks for the synthesis of fine chem-
icals and pharmaceutically active molecules.[77] Traditional common syntheses rely on 
the oxidation of either alkenes, alkynes, acyloins or comparable 1,2-dihydroxy com-
pounds as shown in Scheme 8. These methods are usually catalyzed by gold, sele-
nium, ruthenium, palladium or copper catalysts also utilizing O2 or DMSO as actual 
oxidants (especially when using the more expensive noble metals like Pd).[58,78] Se-
lected examples are shortly discussed here. 
 
Scheme 8: Traditional oxidation methods for the synthesis of α-diketones. 
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In 2011, a study from Wan et al. described the oxidation of alkenes with a simple yet 
well-defined ruthenium catalyst and an additional ammonium salt as co-catalyst, but 
also the use of large amounts of the actual oxidant, tert-butylhydroperoxide (tBuOOH), 
which is a known carcinogenic and highly flammable, toxic and corrosive compound. 
In fact, the scope of substrates was limited almost exclusively to aromatically activated 
alkenes and no fully aliphatic substrates were reported.[78c] 
Two years later, the same working group applied the same ruthenium catalyst with 
TEMPO as co-catalyst on the oxidation of alkynes instead of alkenes substituting 
tBuOOH by the less toxic but still harmful and corrosive potassium peroxysulfate in 
almost 10 eq as oxidant. The unusual reaction medium mainly consisted of the car-
cinogenic and mutagenic nitromethane together with sodium bicarbonate and water. 
The scope of substrates was comparable to the previous reports.[78d] 
An even more complex approach was published in 2015 by Wang et al. presenting a 
manganese-catalyzed aerobic oxidative decarboxylative reaction of arylpropynoic ac-
ids with arylboronic acids leading toward diaryl-1,2-diketones.[78f] 
Four years ago, Zhang et al. published a work describing heterogeneous gold 
nanoclusters as catalyst for the oxidation of benzoin to benzil. This catalyst is reusable 
too and the reaction proceeds under air and in water. The catalyst is used in equimolar 
amounts compared to the substrate and 2 eq of K2CO3 as adjuvant are used as 
well.[78o] 
A similar work only differing in using gold nanoparticles as catalytic heterogeneous 
material was published by Samanta et al.[80q] A homogeneous version was presented 
by Nemoto et al., although using toxic and corrosive vanadium oxytrichloride.[78s] 
Direct oxidation of the diaryl diol is reported with even higher amounts of adjuvants. 
According to Zhang et al., TEMPO acted as a catalyst and was recovered by the actual 
oxidant iodobenze dichloride. Pyridine was used as a base intercepting with the HCl 
produced in the process. Nevertheless, almost 10 equivalents of reactants and addi-
tives had to be used to quantitively double oxidize hydrobenzoin to benzil.[78v] Moreo-
ver, the oxidative cleavage of 1,3-diketones, α,β-epoxy ketones and α,β-unsaturated 
ketones is reported starting from even more complex structures, too.[79] 
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Unfortunately, all mentioned methodologies have severe drawbacks hindering their 
wide applicability, such as harsh reaction conditions, expensive or tediously synthe-
sized well-defined catalysts, use of over-stoichiometric oxidant amounts, low yields, 
poor scopes of substrates or major scale-up issues. The synthesis of non-symmetric 
α-diketones via the above-mentioned methodologies requires corresponding non-sym-
metric starting materials as well. Hence, further reaction steps and tedious purifications 
need to be taken into consideration. In contrast to the introduced methods, especially 
the synthesis of non-symmetric α-diketones directly from aldehydes via benzoin con-
densation and subsequent oxidation is an appealing alternative due to the omitted iso-
lation of benzoin intermediate, less (toxic) byproducts and access to a variety of differ-
net α-diketones only depending on commercially available cheap aldehydes. 
This benzoin condensation was described by Wöhler and Liebig in 1832 already and 
its mechanism was firstly postulated to be cyanide-catalyzed in 1904.[80] Breslow fur-
ther developed this method by utilizing NHC catalysts such as thiazolium salts.[81] It is 
thus not astonishing that numerous studies addressed this reaction. Hence, selected 
examples are mentioned here as well (Scheme 9).[82] 
 
Scheme 9: Traditional oxidation methods for the synthesis of α-diketones. 
In 2009, Connen et al. published about the benzoin condensation with costly triazolium 
salts as catalyst (e.g. namely 4-((1R,2R)-2-benzamidocyclohexyl)-1-phenyl-1H-1,2,4-
triazol-4-ium perchlorate) and expensive rubidium carbonate as base.[83] Later, the 
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same group published a work with the same catalyst type. Broadening the scope of 
substrates was achieved by applying a huge variety of different triazolium salts. That 
approach resulted in the optimization of several substrates with different certain cata-
lysts, although only aryl aldehydes were prone to this reaction.[84] Compared to these 
NHCs, cheaper benzimidazolium salts as catalysts and NaOH as base were used by 
Jing and coworkers, albeit only applied to aryl aldehydes.[85] Only a single substrate 
was shown when an ionic liquid consisting of imidazolium salts (EMIM-Ac) was used 
as NHC surrogate and solvent simultaneously.[86] A two-step reaction cascade was 
reported by Sakaguchi and his group, who utilized a benzimidazolium catalyst for the 
benzoin condensation step followed by changing the reaction medium (solvent, base 
and reaction atmosphere) aiding the final aerobic oxidation step under reflux condi-
tions.[87] However, this reaction sequence hinders wider application due to its complex-
ity in comparison with an in situ oxidation step. 
So inspired by their catalytic effect in benzoin condensation reactions, NHCs were in-
vestigated for this work as well.[82] Because of previous experience with CO2 being able 
to softly promote oxidation reactions, CO2 was chosen as a soft promoter again for the 
envisioned in situ oxidation step. CO2 is also not expected to interfere as reaction at-
mosphere with the prior benzoin condensation step (because of the usually short life-
time of NHC–CO2 adducts, cf. also Figure 2) while further strengthening the sustaina-
ble aspect of this approach. 
 
1.8 Generation of Imines 
Imines are valuable intermediates in organic chemistry (e.g. for the synthesis of natural 
products, see Scheme 55) and important moieties in drug molecules and agrochem-
istry as well.[88] For instance, biologically active β-lactams can be synthesized via [2+2] 
cycloaddition of imines and ketenes, which represent an important class of antibiotics, 
such as penicilline and cephalosporine derivatives (Scheme 10).[89] 
Moreover, the simple base-assisted and CuI-catalyzed reaction of imines, alkynes and 
carboxylic acid chlorides leads to the class of propargylamides, an important structural 




Scheme 10: Synthesis of β-lactams from imines and ketenes and clinically relevant β-
lactam antibiotics. 
Acyclic imines are usually synthesized by simple condensation of amines and alde-
hydes under acid catalysis at an ideal pH value of 4 – 6 in order to hamper side reac-
tions. Dehydrating additives like molecular sieves can be used to additionally shift the 
equilibrium to the product side. Since imines are prone to the back reaction (i.e. hy-
drolysis), substrates with aromatic moieties stabilizing the product through their bene-
ficial mesomeric effect are usually used.[89,91] 
Because the scope of substrates of this traditional method is limited, recent research 
rather focuses on the oxidation of amines to imines. To date, mostly metal-catalyzed 
reactions are known employing stoichiometric oxidants like DDQ (2,3-dichloro-5,6-di-
cyano-1,4-benzoquinone), sulfur or peroxides, high temperatures and expensive tran-
sition metal catalysts like gold and palladium. Current research focuses on greener 
alternatives such as O2 gas as an alternative oxidant.[3b,92] Selected examples of those 
methods are discussed here and shown in Scheme 11. 
In 2006, Guo et al. published the oxidation of aromatic acyclic amines using a palla-
dium complex, molecular sieves and sodium acetate as (basic) additives and oxygen 
as the oxidant. Altogether, 5 mol% of expensive palladium, 1 eq of additive and a large 
quantity of molecular sieves render this procedure less applicable.[93] Three years later, 
Che et al. presented the oxidation of mainly acyclic amines in the presence of gold 
nanoparticles supported on graphite as heterogeneous catalyst and O2 as the oxidant. 
Unfortunately, the reaction required high temperatures (refluxing toluene) and an ex-
pensive gold catalyst, whose purification is deleterious due to the use of cyanides.[94] 
A similar work was disclosed by Bäckvall et al. in 2005 already. With a di-ruthenium 
complex as catalyst and a DDQ derivative as actual oxidant in overstoichiometric 
amounts the catalytic system did not meet the demands of a green chemistry setting.[95] 
Also ruthenium, here immobilized on polymers, was developed as a catalyst for an 
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application on a similar scope of substrates by Kamal et al. Unfortunately, they had to 
use large amounts of this heterogeneous catalyst, additional molecular sieves and N-
methylmorpholine N-oxide (NMO) as overstoichiometric oxidant.[96] A simpler proce-
dure yet still employing an overstoichiometric oxidant (2 eq of the carcinogenic and 
toxic tBuOOH) and thus not covering green chemistry standards either, was presented 
by Choi and Doyle utilizing a di-rhodium catalyst.[92e] Kanai et al. reported the oxidation 
of amines to imines with oxygen as oxidant. The drawback is the use of an additional 
base and a Cu(I) catalyst with ligand along with ketoABNO (9-azabicyclo[3,3,1]nonan-
3-one-9-oxyl), a stabilized radical similar to TEMPO.[97] 
 
Scheme 11: Oxidation of amines to imines according to literature-known procedures. 
Compared to the discussed catalytic oxidation systems, the use of manganese dioxide 
is much cheaper and easier to conduct. The only drawback is its very low selectivity 
since MnO2 is capable of oxidizing several different functional groups. This can also 
occur e.g. when (even phenolic) primary and secondary hydroxyl groups, N–N bonds 
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(e.g. in hydrazine derivatives) or C–N bonds are present in one molecule simultane-
ously.[98] Another approach is the aerobic oxidative dimerization of primary amines with 
O2, either using an iron catalyst like FeBr2 in refluxing chlorobenzene as shown by 
Gopalaiah and Saini[99] or a benzoquinone derivative as organocatalyst as shown by 
Wendlandt and Stahl.[100] However, the scope of products is very limited since only 
symmetric dimers of benzylamine derivatives can be obtained. 
In contrast to the oxidation of acyclic amines, the oxidation of cyclic amines like 1,2,3,4-
tetrahydroisoquinoline is more difficult, especially if over-oxidation to the fully aromatic 
isoquinoline is undesired. Thus, it is not surprising that these reactions possess inher-
ent selectivity issues as demonstrated by Gong et al. Albeit cheap graphene oxide was 
used as heterogeneous catalyst, high temperatures, long reaction times and semi-stoi-
chiometric base amounts were necessary. Still serious issues regarding the general 
yields (27 – 99%) and especially the selectivity between single and double oxidation 
occurred (usually about a 4:1 ratio).[101] Besides, common non-catalytic yet more se-
lective oxidation procedures rely on overstoichiometric amounts of the harmful and 
corrosive reactants N-chloro- and N-bromosuccinimide.[102] 
 
Scheme 12: Carbon dioxide radical anion in organic synthesis. 
The mentioned disadvantages and harsh reaction conditions of those published works 
(especially occurring during thermal reaction procedures) currently drive chemists to 
develop new methodologies. As already mentioned for the alcohol oxidation in chap-
ter 1.6, the focus is mainly laid on photochemistry nowadays. For CO2 being able to 
serve as substrate in photochemistry, the generation of its radical anion species is 
highly interesting and has showed the formation of important platform chemicals like 
methanol, formic acid and CO. Since radicals are thermally unstable, this radical anion 
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could be only generated during photo- and electrochemical processes so far.[103] Be-
sides, some examples already exist showing its synthetic applicability during carboxy-
lation reactions (Scheme 12).[104] 
The first description of the synthetic use of a CO2 radical was presented by Kubiak et 
al. in 1993. Therein, the double carboxylation of cyclohexene has been shown under 
nickel catalysis but with a light source exhibiting a high energy demand.[105] In contrast, 
Murakami’s group found the carboxylation in allylic position with a copper-based cata-
lyst and a ketone co-catalyst under UV light irradiation in 2016, although not stating 
that a CO2 radical might be involved.[106] However, the CO2 radical anion can be directly 
fixed onto a variety of tertiary amines (mainly piperidine derivatives) yielding α-amino 
acids as shown by Jamison et al. in 2017. For this procedure, simple p-terphenyl was 
employed as organocatalyst, along with 3 eq potassium trifluoroacetate though, in a 
continuous photo flow setup exhibiting high yields and regioselectivity.[15i] In the same 
year the same group published an additional study about the β-selective hydrocarbox-
ylation of styrenes utilizing the continuous photo flow reaction setup again. For this 
reaction 1,2,2,6,6-pentamethylpiperidine (PMP) was necessary as sacrificial electron 
donor in overstoichiometric amounts and water as cheap proton source.[107] While this 
work exclusively yielded β-carboxylation products, König et al. were able to switch the 
selectivity by choice of the ligand in their nickel-catalyzed reaction. They did als not 
finally declare a CO2 radical being involved though.[108]  
Additionally, nucleophilic addition of a CO2 radical anion onto thymine, redox reactions 
with quinones, alkyl halides, nitrobenzenes and benzaldehydes etc. and the transfor-











The utilization of one of the most threatening greenhouse gases regarding the climate 
change could help changing its reputation from a harmful waste toward a green alter-
native feedstock. For the afore-mentioned reason, it would be thus highly interesting 
to generate valuable fine chemicals and pharmaceutically active drug molecules or 
their respective intermediates via mild reaction pathways regarding energy consump-
tion and safe reaction procedures and through replacing toxic and harmful reactants 
by CO2. 
Thus, four main reactions were envisioned for this thesis as depicted in 
Scheme 13 – 16 with the aim laid on mild reaction conditions. Hence, atmospheric 
CO2 pressure is one of the key elements for the use of simpler reaction setups and 
lower operational complexity. 
A first step towards the fixation of CO2 would be the reaction of amines with CO2 toward 
carbamates (Scheme 13; cf. chapter 1.5). This reaction should take place with the aid 
of a base in order to deprotonate the amine and its reaction with CO2. The alkyl moiety 
could be provided e.g. by an alkyl halide or an alcohol (cf. Scheme 4). 
 
Scheme 13: General reaction scheme for the formation of carbamates from amines 
and CO2. 
Moreover, the utilization of CO2 as a soft oxidation promoter was envisioned for the 
oxidation of primary or secondary alcohol substrates to their respective carbonyl com-
pounds (Scheme 14; cf. chapter 1.6). Since it might be necessary to overcome certain 
oxidation potentials or activation barriers, the use of a catalyst or additive might be 
mandatory. Alternatively, a catalyst-free approach similar to the Swern oxidation might 
be suitable as well (cf. chapter 1.3). 
 





When primary alcohols could also be successfully converted to aldehydes, the benzoin 
condensation and further oxidation into α,β-diketones should be an interesting target 
as well like shown in Scheme 15 (cf. chapter 1.7). In the ideal case, both benzoin 
condensation and oxidation reaction should be combined in a one-pot manner. Re-
garding health issues, no cyanide salts should be used as catalysts but rather NHC 
catalysts instead. 
 
Scheme 15: General reaction scheme for the benzoin condensation of aldehyde sub-
strates and in situ CO2-promoted oxidation toward diketo compounds. 
If those CO2-promoted oxidation reactions of C–O bonds into C=O are successful, 
broadening the scope of substrates of this reaction oxidation protocol would be at hand 
as well. Especially the selectivity change from carboxylation reactions as described in 
Scheme 13 toward oxidation of C–N bonds could be an interesting target. Thus, the 
oxidation of amines to imines was also envisioned as depicted in Scheme 16 (cf. chap-
ter 1.8). 
 
















3 Results and Discussion 
3.1 CO2 Fixation: Synthesis of Carbamates From CO2  
3.1.1 Optimization Studies 
In the beginning of the optimization studies, several NHC salts were tested driven by 
the fact that they are known to activate CO2 easily at atmospheric pressure:[13c] Most 
prominent reactions are the NHC-catalyzed formation of cyclic carbonates from epox-
ides[110] and alkynes[111]. Furthermore, NHCs can catalyze the addition of CO2 to al-
kynes in order to form alkyne carboxylic acids[112] or even the formylation of secondary 
amines.[113] In addition, relatively stable adducts of NHCs and CO2 are known, even 
when polymer-supported NHCs are used as shown in Figure 2. 
 
Figure 2: Different literature-known realtively stable NHC–CO2 adducts.[114] 
Furthermore, a diaryl imidazolium–CO2 adduct was calculated by means of densitiy 
functional theory methods (DFT) to transfer the carboxylate to a non-activated imine in 
order to form the respective carbamate salt in a base-free way.[115] 
 
Figure 3: Different NHC salts used for initial screening reactions. 
Based on this information, several NHC salts shown in Figure 3 were examined under 
different reaction conditions such as different bases for the in situ generation of the 
actual diradical NHC species (or even pre-formation of this active species), different 
base amounts, reaction temperatures and the generation of the activated NHC prior to 
30 
 
the reaction. However, after conducting control experiments, it was clear that the ad-
dition of a base to the reaction mixture was crucial whereas the addition of NHC salts 
was not. Thus, a rather simple reaction mechanism was anticipated (see Scheme 25) 
and the screening for optimized reaction conditions was limited to different bases, base 
amounts, solvents, reaction temperatures and times. 
Different kinds of organic and inorganic bases have previously shown their potential 
for the CO2 fixation onto organic molecules.[16h,116] Moreover, they have clear benefits 
compared to complex metal catalysts, such as their commercial availability, low costs  
and low toxicity. These benefits are particularly interesting when it comes to the pro-
duction of pharmaceuticals or their intermediates. Especially their low toxicity was in-
spiring toward the development of a mild and chemoselective transition metal-free sys-
tem for the transformation of amines to carbamates using CO2 as C1 synthon and        
p-anisidine (1a) as model substrate. Several organic and inorganic bases were exam-
ined for the reaction of 1a with CO2 under atmospheric pressure (maintained with a 
simple balloon) and room temperature (rt) with ethyl iodide (EtI) employed as the al-
kylating agent in this model system (Table 1). Dimethylsulfoxide (DMSO) was chosen 
as solvent since its polar aprotic nature makes it a reasonable solvent for dissolving 
gases like SO2 and CO2[117] and thus delivering it to the actual liquid reaction medium. 
Delightfully, the first result under these conditions yielded the corresponding product 
ethyl (4-methoxyphenyl)carbamate (1b) in 62% within 16 h in the presence of 1 eq of 
Cs2CO3 at rt (Table 1). During the screening of different bases, it turned out that only 
amidine-type bases such as 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) and 1,5-di-
azabicyclo[4.3.0]non-5-ene (DBN) demonstrated comparable higher yields whereas 
other organic bases like Et3N and inorganic bases like KOH gave significantly lower 
yields. When other carbonate salts were tested, only K2CO3 showed similar results as 
Cs2CO3. After increasing the Cs2CO3 amount to 1.5 eq, the yield could be increased 
to 91% (isolated yield). Lower amounts of Cs2CO3 decreased the yield dramatically 
indicating that at least equimolar amounts of the base are necessary. Notably, car-






Table 1: Optimization of reaction conditions using 4-methoxyaniline as model sub-
strate. 
 
Entry Base (eq) Solvent Yield / % 
1 Cs2CO3 (1.0) DMSO 62 
2 KOH (1.0) DMSO 1 
3 DBU (1.0) DMSO 59 
4 DBN (1.0) DMSO 54 
5 DMAP (1.0) DMSO 1 
6 Et3N (1.0) DMSO 0 
7 KOtBu (1.0) DMSO 10 
8 pyridine (1.0) DMSO 1 
9 pyrimidine (1.0) DMSO 0 
10 piperidine (1.0) DMSO 0 
11 K2CO3 (1.0) DMSO 57 
12 Na2CO3 (1.0) DMSO 22 
13 NaHCO3 (1.0) DMSO 1 
14 CsHCO3 (1.0) DMSO 13 
15 Cs2CO3 (1.5) DMSO 92/91* 
16 DBU (1.5) DMSO 87 
17 DBN (1.5) DMSO 63 
18 K2CO3 (1.5) DMSO 84 
19 Cs2CO3 (0.5) DMSO 34 
20 Cs2CO3 (0.75) DMSO 56 
21 Cs2CO3 (1.5) DMF 69 
22 Cs2CO3 (1.5) THF 0 
23 Cs2CO3 (1.5) DMA 68 
24 Cs2CO3 (1.5) toluene 0 
25 Cs2CO3 (1.5) iPrOH 0 
26 Cs2CO3 (1.5) acetonitrile 0 
27 Cs2CO3 (1.5) DMSO 95** 
Reaction conditions: 4-methoxyaniline (1a, 0.5 mmol), base, dry solvent (2.5 mL), EtI 
(1.2 eq), CO2 (balloon), rt, 16 h; *isolated yield; **reaction at 50 °C; yields determined 
by GC using n-dodecane as internal standard. 
Screening of other solvents revealed that the reaction in other polar aprotic solvents 
like N,N-dimethylacetamide (DMA) and DMF resulted in slightly lower yields than using 
DMSO. Common organic solvents like tetrahydrofuran (THF) or toluene were not suit-
able. This hints toward other effects besides the sole solubility of CO2 in the respective 
solvent since the solubility of CO2 in DMF is calculated to be higher than in DMSO.[118] 
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This effect occurring with the use of different solvents can be explained by the fact that 
nucleophilicity and basicity of amines are controlled by solvation and polarization in 
different solvents.[119] The competing effect of a usually higher reaction rate but simul-
taneously lower solubility of gases in liquids at elevated temperatures resulted in a 
negligible increase up to 95% (Table 1, entry 27). 
Since yields of more than 90% (with 1.5 eq Cs2CO3) were obtained after overnight 
reaction, the effect of different reaction times was examined (with 1.0 eq Cs2CO3). It 
revealed a sharp increase during the first 6 h reaching a plateau of up to 16 h followed 
by a slow decrease with further advancing reaction time (Figure 4). A reasonable in-
terpretation of this decrease could be the faster deprotonation and carboxylation rate 
of the amine substrate whereas decarboxylation of the intermediate carboxylate anion 
takes place with a slower reaction rate in this equilibrium. 
 
Figure 4: Time course; reaction conditions: 4-methoxyaniline (0.5 mmol), 1.0 eq 
Cs2CO3, dry DMSO (2.5 mL), EtI (1.2 eq, additional 2 h each), CO2 (balloon), rt; all are 
isolated yields. 
When scaling up the reaction system to a 1.8 g scale without any special precaution 
91% of isolated product 1b were fortunately obtained. However, the drawback of this 
reaction system is the formation of a salt from EtI and the used base (i.e. CsI) in 
equimolar amounts as byproduct. The formation of H2CO3 as second byproduct can 
lead to a second equilibrium though where CO2 is generated and participates in the 
equilibrium of the gas phase and the liquid reaction medium. 
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3.1.2 Scope of Substrates 
After identifying the optimized conditions, the scope of substrates of this carbamate 
synthesis protocol was explored (Scheme 17). Several primary and secondary amines 
including differently substituted aromatic, heteroaromatic, alicyclic and aliphatic ones 
were converted to their respective carbamate derivatives with yields up to 90%. Both 
electron-donating and electron-withdrawing para substituents at the aromatic ring re-
acted well (also cf. Scheme 18).  
 
Scheme 17: Synthesis of carbamates using CO2 as the carbon source; reaction con-
ditions: Substrates (0.5 mmol), Cs2CO3 (1.5 eq), DMSO (2.5 mL), EtI (1.2 eq), CO2 
(balloon), rt – 50 °C, 16 – 48 h; all are isolated yields; some reactions were performed 
by Pradipbhai Hirapara. 
The tolerance of reaction systems against different functional groups is highly im-
portant for its later application particularly for the synthesis of natural products and 
pharmaceuticals.[15] Thus, the chemoselectivity was investigated in the presence of 
different possibly reducible functional groups (Scheme 18). Fortunately, under opti-
mized reaction conditions different challenging nitrile, nitro, amide, ester and carbonyl 
functional groups were well tolerated as well as alkene and alkyne moieties. Thereby, 
the corresponding carbamate products could be obtained in good to excellent yields. 
Notably, for none of the examined substrates additional reduction, oxidation or carbox-
ylation of the different functional groups was observed, which demonstrates the excel-
lent chemoselectivity of this reaction system. To date, there is no other example of this 
type of selectivity for carbamate synthesis.  
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However, a few substrates such as 2a demanded longer reaction times and/or higher 
reaction temperatures. Substrates with fluoro, nitro, nitrile and methyl ester substitution 
at para position (2a, 12a, 13a, 16a) required these reaction conditions in order to 
achieve higher yields. A general forecast for the necessary reaction conditions regard-
ing time and temperature is difficult since e.g. fluoro and bromo substituents required 
different conditions (2a: 48 h, 50 °C, 3a: 16 h, rt). But in general, substrates bearing 
electron-withdrawing groups seem to require longer reaction times and higher temper-
atures although it should be easier to deprotonate amines bearing substituents with a 
–I effect thus weakening the N–H bond of the amine moiety. 
 
Scheme 18: Functional group (FG) tolerance for the carbamate synthesis using CO2 
as the carbon source; reaction conditions: substrates (0.5 mmol), Cs2CO3 (1.5 eq), 
DMSO (2.5 mL), EtI (1.2 eq), CO2 (balloon), rt–50 °C, 16–48 h; all are isolated yields; 
some reactions were performed by Pradipbhai Hirapara. 
Nevertheless, para-substituted amines with halogen (2a – 3a) or pseudo-halogen 
(13a) groups as well as other electron-withdrawing and -donating groups (12a, 
14a – 19a) and non-symmetric amines (6a – 9a) generally reacted well. In addition, in 
none of the cases any reduced or dehalogenated product could be observed. Interest-
ingly, heterocyclic amines represented by a pyridine derivative and indoline (7a – 8a) 
as well as non-aromatic (and thus electronically non-activated) substrates (4a – 5a, 
10a – 11a) reacted excellently. The difference between the reaction rates of primary 
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and secondary amines was found to be low, thus no changed reaction conditions had 
to be applied. 
Despite the excellent functional group tolerance and chemoselectivity of this reaction 
protocol, different types of molecules were not accessible as substrates, summarized 
in Scheme 19. Mostly sterically hindered primary amines and highly polar nucleobases 
and amino acids only yielded low or no amounts of the desired carbamate product. 
 
Scheme 19: Different unsuccessful substrates tried for the synthesis of carbamates; 
reaction conditions: substrates (0.5 mmol), Cs2CO3 (1.5 eq), DMSO (2.5 mL), EtI 
(1.2 eq), CO2 (balloon), rt – 50 °C, 16 – 48 h; reaction progress monitored by gas chro-
matography-coupled mass spectrometry (GC-MS); *yield determined by 1H NMR spec-
troscopy using iodoform as internal standard; **yield estimated by GC-MS. 
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Sterical hindrance can account for 20a (as well as the lower yield of 32a) since it is the 
only examined example of ortho-substitution within the scope of substrates. The steric 
demand of these methyl groups should be even higher than the one in case of sec-
ondary amines (cf. Scheme 17). In comparison to 29a and 31a, steric demand cannot 
be the only explanation, especially since 31a successfully reacted well with benzylbro-
mide (BnBr) using longer reaction time and higher temperature (cf. Scheme 4). Sub-
strates with two possible active sites like 21a and 27a did not show any activity at all, 
not even with higher base amounts (2.5 eq Cs2CO3) to factor in the possible double 
deprotonation. Solely aliphatic amines such as 10a and 11a and the aliphatic substrate 
5a with a phenyl group reacted well. In contrast, it is surprising that 25a only gave a 
low yield of 39% and could not be isolated and 26a did not show any activity at all. 
Heteroaromatic compound 30a was less active compared to substrate 7a leading to 
the suggestion that the position of the heteroatom within the aromatic ring is crucial for 
electron distribution. However, in case of substrates 25a and 29a – 32a purification 
issues prohibited obtaining pure product compounds after the reaction. 
The examined amino sugar D-glucosamine (33a) was not accessible as substrate nei-
ther in its free form nor as hydrochloride. A possible explanation is the varying acces-
sibility of the competing functional groups for possible deprotonation (OH vs. NH2). 
Additionally, due to the amount of strongly polar functional groups in that molecule 
traditional analysis was difficult to undertake. Correspondingly, the same reason ap-
plies to the probed nucleobases adenine (34a), guanine (35a) and cytosine (36a). 
However, in case of 35a a precipitate was observed after the reaction, which was not 
soluble in common polar and non-polar solvents and was consequently not further ex-
amined. The tested amino acids L-phenylalanine methyl ester hydrochloride (37a), L-
lysine methyl ester hydrochloride (38a), L-valine ethyl ester hydrochloride (39a), L-
tyrosine (40a) and (R)-2-phenylglycine methyl ester hydrochloride (41a) exhibited no 
or very low activity. An explanation might be that hydrochlorides are not active as sub-
strates (except for 50a) compared to free amino acids. Especially the free amino acid 
tyrosine has 3 possible positions for a deprotonation followed by alkylation, thus, open-




Scheme 20: Different unsuccessful halides tried for the synthesis of carbamates; re-
action conditions: 4-methoxyaniline (1a, 0.5 mmol), Cs2CO3 (1.5 eq), DMSO (2.5 mL), 
R–X (1.2 eq), CO2 (balloon), rt, 48 h; reaction progress monitored by GC-MS; some 
reactions were performed by Pradipbhai Hirapara. 
Moreover, a number of halogenated compounds including aromatic and alicyclic ex-
amples and a glycerol derivative were not able to react with the carboxylated amine 
anion, even after a prolonged reaction time of 48 h. The reaction temperature was not 
increased though due to the naturally high volatility of many halides (Scheme 20). 
Compared to the successfully used EtI, other iodides are sterically more hindered. 
Moreover, the electronic situation within a halogenated aromatic compounds com-
pletely differs from an alkyl halide. Nonetheless, the non-reactivity of cyclohexyl iodide 
was surprising and its reactivity could have opened up the direct access to URB-602 
from biphenyl amine 46a. C–Cl and C–F bonds are shorter and stronger than C–Br 
and C–I bonds and thus harder to break, which could explain the non-reactivity of those 
halides. In addition, the electronic situation at cyclohexyl bromomethane and the bro-
minated glycerol derivative are different compared to BnBr. 
 
3.1.3 Application of the Carbamate Synthetic Protocol 
Organic carbamates play a pivotal role for drug discovery and medicinal chemistry 
likewise due to their structural similarity with amide-ester hybrid features and they ex-
hibit both excellent chemical and proteolytic stability. Moreover, the formation of hy-
drogen bonds between the carboxyl moiety and the amine residue enhances biological 
and pharmacokinetic properties.[34,120] In order to demonstrate the utility of the devel-
oped procedure, nortriptyline (an amphiphilic antidepressant[121]) and cinacalcet (used 
for the treatment of chronic kidney diseases;[122] Scheme 21) were chosen as model 




Scheme 21: Pharmaceuticals that underwent carbamate derivatization using CO2 as 
a carbon source; reaction conditions: substrates (0.5 mmol), Cs2CO3 (1.5 eq), DMSO 
(2.5 mL), EtI (1.2 eq), CO2 (balloon), rt, 16 h; all are isolated yields. 
In fact, both substrates reacted excellently with up to 86% yield. Again, the selective 
transformation occurred in the presence of the double bond (42a) without further car-
boxylation (also cf. Scheme 18, 18a). Additionally, simple column chromatography 
without special precaution was successful for the purification of the respective prod-
ucts. 
 
Scheme 22: Different alkyl bromides used for the synthesis of carbamates; reaction 
conditions: 4-methoxyaniline (1a, 0.5 mmol), Cs2CO3 (1.5 eq), DMSO (2.5 mL), R–Br 
(1.2 eq), CO2 (balloon), rt, 16 – 36 h; all are isolated yields. 
The modification of organic carbamate structures is widely used in pharmaceutical re-
search.[123] Variation of the carbamate moiety provides a broader scope for testing of 
possible new bioactive compounds with a higher efficiency. For this purpose, both po-
sitions at the nitrogen and oxygen atom can be varied. Therefore, parallel to the 
screening of the scope of different amine substrates, alkyl halides other than EtI have 
been varied to show the possibility of generating a compound library based on this 
carbamate structure (Scheme 22). Notably, not only the already tested alkyl iodide but 
also alkyl bromides can be applied under similar reaction conditions. n-Pentyl bromide 
and benzyl bromide were investigated as alkylating agents along with model substrate 
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1a yielding the respective products 44b and 45b with a considerable yield of up to 83%. 
Notably, stirring time with n-pentyl bromide was increased from 2 h to 4 h. 
Triggered by these findings, the idea of showing the possibility to create a compound 
library of URB-602 derivatives arose. URB-602 is known as a selective inhibitor of the 
enzyme monoacylglycerol lipase involved in the hydrolysis of 2-arachidonylglycerol in 
the brain.[124] This selective enzyme inhibition avoids direct activation of specific recep-
tors leading to less psychoactive side effects. However, while its selectivity remains in 
vivo it changes in vitro.[125] Hence, changes in the structure of URB-602 could lead to 
a powerful inhibitor without or at least less side effects. This modification can be real-
ized either by isosteric replacement, different substituents at the aromatic moiety or 
other alkyl residues at the carbamate moiety. Compared to these proposed ap-
proaches using the presented direct synthesis protocol, it was possible to synthesize 
a URB-602 derivative directly from biphenyl-3-amine (46a) in 69% yield (Scheme 23). 
 
Scheme 23: Synthesis of URB-602 derivative using CO2 as a carbon source; reaction 
conditions: 3-phenylaniline (46a, 0.5 mmol), Cs2CO3 (1.5 eq), DMSO (2.5 mL), BnBr 
(1.2 eq), CO2 (balloon), 50 °C, 48 h; isolated yield. 
In traditional synthetic organic chemistry as well as in biochemistry protecting groups 
play a vital role for preventing reactions at undesired sites of the respective sub-
strates.[126] For instance, introduction of a protecting group at the α-position of amino 
acids and peptides is important to prevent unwanted polymerization during the for-
mation of desired peptide bonds. Especially in this case, the introduced protecting 
groups should prevent epimerization during peptide bond coupling and the deprotec-
tion procedure after the actual reaction should be easy and fast. Thus, the most com-
monly used protecting groups for these substrates are Cbz (carboxybenzyl), Fmoc (9-
fluorenylmethoxycarbonyl) and Boc (tert-butyloxycarbonyl) with Cbz being the most 
often used one for peptide syntheses. All mentioned protecting groups share the for-
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mation of a carbamate moiety after the reaction of a protecting agent (toxic and corro-
sive benzylchloroformate in case of Cbz) with the α-amino position of amino acids and 
peptides, respectively. Thus, by using the reaction procedure presented herein, CO2 
can be used as an alternative and green protecting reagent for the amine moieties in 
organic syntheses or peptide chemistry (Scheme 24). 
Four different amino acid methyl esters, namely phenylalanine (47a), tryptophane 
(48a), methionine (49a) and glycine (50a), reacted well in good to high yields. The 
latter one could even be used directly as hydrochloride salt with additional Cs2CO3 (2.5 
eq in total) for in situ removal of hydrochloride. The other amino acids had to be freed 
of hydrochloride and hydrobromide, respectively, prior to the actual reaction. 
 
Scheme 24: Protection of amino group in amino acids and peptides using CO2 as a 
carbon source; reaction conditions: substrates (0.5 mmol), Cs2CO3 (1.5 eq), DMSO 
(2.5 mL), alkyl halide (1.2 eq), CO2 (balloon), rt – 40 °C, 16 – 48 h; all are isolated 
yields; some reactions were performed by Pradipbhai Hirapara. 
Additionally, it was possible to extend the scope of substrates using CO2 as protecting 
reagent to four different peptides, which were synthesized by combining corresponding 
amino acid precursors (Scheme 24). The so-examined peptides consisted of valine 
and phenylalanine (51a), twice phenylalanine (52a), twice methionine with phenylala-
nine (53a) and L-phenylalanine with L-methionine (54a), respectively. All examined 
peptides reacted well and up to 78% of Cbz protected peptides have been achieved. 
In none of the cases any other byproducts could be observed besides the already 
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mentioned equimolar formation of CsI and CsBr, respectively, and only single carba-
mate formation occurred at the primary amine functionality. All products from amino 
acids and peptides were recovered after extraction of the reaction mixture with di-
chloromethane followed by purification via column chromatography. After successful 
demonstration of Cbz protection of molecules comprising of one, two and even three 
amino acids, it can be assumed that this protection procedure can also be easily ap-
plied to higher peptide sequences. Thus, it could open up new alternatives for peptide 
chemistry. 
 
3.1.5 Proposed Mechanism 
The proposed reaction mechanism consists of a three-step reaction: First, a simple 
deprotonation of the amine occurs, followed by nucleophilic attack of the anion to the 
electropohilic carbon atom of the CO2 molecule. Subsequently, quenching by alkylation 
of the so-formed carboxylate with an alkyl halide leads to the desired carbamate struc-
ture (Scheme 25). 
 










3.2 CO2 as Promoter for Oxidations and Dehydrogenations  
3.2.1 CO2-Catalyzed Oxidation of Benzylic and Allylic Alcohols 
Similar to replacing C1 synthons like phosgene by CO2, utilizing CO2 as oxidant or 
oxidation promoter is an interesting approach for green and sustainable chemistry, too. 
The fact that alcohols are ubiquitous triggered the idea of the application of CO2 as 
promoter in oxidation reactions of these substrates. As described in chapter 1.6, com-
mon oxidation methods employ great amounts of toxic or corrosive reactants. Thus, 
replacing these chemicals and especially toxic oxalyl chloride as used for the Swern 
oxidation by CO2 would be an additional green chemistry approach. 
Again, as described in chapter 3.1, some NHC catalysts were tried as catalysts for an 
easier CO2 activation in the beginning of the optimization reactions.[127] However, con-
trol experiments demonstrated simple base addition to be sufficient for attaining high 
reactivity. Later the use of NHCs turned out to be an interesting approach for the utili-
zation of this methodology (cf. chapter 3.2.2). The following screening for optimized 
reaction conditions was thus extended to screening of different bases, base amounts, 
solvents, reaction temperature and reaction time. 
 
3.2.1.1 Optimization Studies 
The first screening approach was undertaken with benzyl alcohol as model substrate. 
Even after extensive screening and careful evaluation of different reaction conditions 
(different bases such as alcoholates, hydroxydes, amidine-type bases and carbonates, 
up to 14 bar pressure in an autoclave, extension of reaction time to 64 h or the use of 
additives like Lewis acids) maximum yields of no more than 65% were reached. 
However, extension of the π system from the phenyl ring in the form of cinnamyl alco-
hol (55a) enhanced the reactivity hence it was taken as model substrate. At the outset, 
a variety of inorganic and organic bases was applied in order to obtain optimized reac-
tion conditions for the synthesis of cinnamaldehyde (55b) directly from cinnamyl alco-
hol under CO2 atmosphere (Table 2). 
Organic bases like DMAP and DBU as well as inorganic hydroxides and even strongly 
basic alcoholates like KOtBu resulted in only 11% product formation in DMSO at 90 °C. 
Changing the base to a bicarbonate slightly increased the yield to 13% and changing 
to a carbonate increased it to 44%. When K3PO4 was used 90% cinnamaldehyde could 
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be obtained. Efforts to lower the reaction temperature did not lead to better activity 
whereas at higher temperature (100 °C) the yield remained unchanged On the one 
hand, decreasing the base loading from 20 mol% to 10 mol% resulted in a significantly 
lower yield, but on the other hand higher base amounts did not further increase it either. 
Control experiments without any base or under N2, O2 or air atmosphere showed no or 
negligible product formation. Reports about the solvent sensitivity of similar simple 
(only use of a base; yet aerobic) oxidation methodologies showed that common sol-
vents (especially DMSO) hampered the reaction so that ionic liquids had to be 
taken.[128] In contrast to that, in the herein presented case other solvents than DMSO 
did not show any activity because of a mechanism similar to Swern oxidation as will 
be described later. It should be mentioned that no over-oxidation in terms of formation 
of the corresponding cinnamic acid was observed, which demonstrated the good se-
lectivity in case of primary alcohols.  
Table 2: Optimization for alcohol oxidation. 
 
Temp / °C Base Base equivalents / mol% Atmosphere Yield / % 
90 - - CO2 0 
90 NaHCO3 20 CO2 13 
90 DBU 20 CO2 7 
90 aniline 20 CO2 1 
90 LiOH 20 CO2 7 
90 KOH 20 CO2 10 
90 KOtBu 20 CO2 11 
90 DMAP 20 CO2 1 
90 K2CO3 20 CO2 44 
80 K3PO4 20 CO2 68 
90 K3PO4 20 CO2 90/89* 
100 K3PO4 20 CO2 90 
90 K3PO4 10 CO2 56 
90 K3PO4 50 CO2 91 
90 K3PO4 100 CO2 92 
90 K3PO4 20 N2 0 
90 K3PO4 20 O2 5 
90 K3PO4 20 air 2 
Reaction conditions: cinnamyl alcohol (55a, 0.25 mmol), DMSO (2.5 mL), gas atmos-
phere via balloon, 48 h; yields determined by GC using n-dodecane as internal stand-
ard; *yield for 5 mmol scale reaction. 
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Scaling up the reaction was easily possible giving 89% isolated yield in case of a 
5 mmol scale reaction without any special precaution. The reaction still worked using 
only 1 eq or even 20 mol% of CO2 instead of a CO2 ballon. However, a slightly de-
creased yield was observed (Table 3). This proves that CO2 is not consumed but rather 
has a catalytic or promoting effect in the reaction mechanism. 
Table 3: Different amounts of CO2. 
 
Yield / % Equivalents CO2 
90 excess (balloon ≈ 500 eq) 
84 1.0 
80 0.2 
Reaction conditions: cinnamyl alcohol (55a, 0.25 mmol), DMSO (2.5 mL), 48 h; yields 
determined by GC using n-dodecane as internal standard; *yield for 5 mmol scale re-
action. 
Different amounts of CO2 were tested as follows: The reaction flask containing a nitro-
gen atmosphere after three vacuum/N2 cycles was charged with the volumetric amount 
of 1.0 and 0.2 equivalents of CO2, respectively, via a syringe through a septum. The 
syringe was purged with CO2 gas thrice prior to use. The necessary amount was cal-
culated according to the ideal gas law: 
𝑝𝑉 = 𝑛𝑅𝑇 
The temperature in the laboratory was measured to be 20 °C and the pressure was 
estimated to be 1 atm = 101325 Pa. This is an example calculation for the case of 1.0 





0.2325 ∗ 10−3 𝑚𝑜𝑙 ∗ 8.314 𝑘𝑔 𝑚2 ∗ 293.15 𝐾 𝑚 𝑠2
101325 𝑠2 𝑚𝑜𝑙 𝐾 𝑘𝑔
 
= 5.6 ∗ 10−6 𝑚3 = 5.6 𝑚𝐿 
 
3.2.1.2 Scope of Substrates 
With the optimized reaction conditions at hand, a wide variety of primary alcohols was 
converted to the corresponding aldehydes (Scheme 26). A number of different aro-
matic alcohols in benzylic position or with a prolonged π electron system (i.e. cinnamyl 
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alcohol derivatives) have shown good to excellent reactivity. Among them, substrates 
with meta- and para-functionalization bearing electron-donating functional groups 
(methoxy, benzyloxy and tert-butyl groups, 58a – 62a, 65a, 67a, 69a) reacted well and 
also one electron-withdrawing example was found to give 72% yield (57a), whereas a 
nitro group in meta position only resulted in 41% (68a). 
 
Scheme 26: General scope of substrates for CO2-assisted oxidation of primary alco-
hols; reaction conditions: substrates (0.25 mmol), K3PO4 (20 mol%), DMSO (2.5 mL), 
CO2 (balloon), 90 °C, 48 h; except for 70a all are isolated yields; *yield determined by 
1H NMR spectroscopy using iodoform as internal standard; 1 eq K3PO4 was used in 
case of 57a and 68a. 
Condensed ring systems (naphthalene derivatives 64a and 70a) somehow slightly 
hampered the reaction yielding only 61% and 41%, respectively. Steric crowding can 
only account for that to some extent when 64a and 70a are compared directly with 
each other so that electronic effects should play the major role. In contrast, another 
example is the sterically slightly more crowded cinnamyl alcohol derivative 56a, which 
reacted in a similar fashion compared to the non-substituted cinnamyl alcohol 55a. 
Again, for none of the tested substrates any over-oxidized products in the form of car-
boxylic acids could be observed. 
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Notably, veratraldehyde (61b) is an important intermediate during the synthesis of a 
variety of drug molecules (Scheme 27). Among them, one can find verazide, a poten-
tial anticancer and antimicrobial agent,[129] amiquinsin for hypotensive treatment,[130] 
toborinone for the treatment of heart failure and other diseases, such as cancer, aller-
gies, anoxia etc.,[131] the bronchodilators hoquizil and piquizil,[132] a hallucinogenic am-
phetamine, the vasodilator vetrabutine,[133] prazosin used for the treatment of sleep 
disorders[134] and the Ca2+ channel blocker dimeditiapramine.[135] Even in 5 mmol 
scale, 61b was obtained in the same yield of 90% compared to smaller scale without 
further precaution opening up the possibility for a plethora of follow-up reactions in a 
greener way. 
 
Scheme 27: Key importance of veratraldehyde (61b) as pharmaceutical intermediate.  
In case of secondary alcohols, shown in Scheme 28, a number of symmetrically and 
non-symmetrically substituted diphenyl methanol derivatives (73a – 78a, 84a – 86a) 
reacted well to their corresponding ketones:  Again, meta- and para-substitution are 
well tolerated regarding electron-withdrawing (74a – 76a) and electron-donating 
groups (77a – 78a). Even ortho-substitution, which was not tolerated in case of primary 
alcohols, with a +I substitutent (77a) reacted in 70% yield. Not surprisingly, four exam-
ples of secondary cinnamyl alcohol derivatives gave good yields (71a – 72a,                
88a – 89a). Additionally, different cyclic secondary alcohols in benzylic position with 
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different ring sizes ranging from 5- to 7-membered rings were converted to their corre-
sponding ketones (79a – 83a). Heteroaromatic compounds with N, O and S as het-
eroatoms gave nearly quantitative yields (84a – 87a). 
 
Scheme 28: General scope of substrates for CO2-assisted oxidation of secondary al-
cohols; reaction conditions: substrates (0.25 mmol), K3PO4 (20 mol%), DMSO 
(2.5 mL), CO2 (balloon), 90 °C, 48 h; except for 90a – 97a all are isolated yields; *yield 
determined by GC using n-dodecane as internal standard; **yield determined by 1H 
NMR spectroscopy using iodoform as internal standard; 1 eq K3PO4 was used in case 
of entries 85a and 87a. 
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Four examples of secondary alcohols with only simple aliphatic residues at one side 
are also included (72a, 88a – 90a) bearing either branched or alkyl chain groups. Com-
pared to primary alcohol 64a the similar secondary counterpart 90a gives a 9% lower 
yield probably due to higher steric hindrance. Diaromatic ketols gave mostly quantita-
tive yields when no or electron-donating substituents at the aromatic ring were present 
(91a, 94a, and the sterically more crowded substrate 95a) whereas an electron-donat-
ing substituent (93a) strongly diminished the obtained yield. 
Diol 92a was difficult to oxidize, even when the amount of K3PO4 was doubled. In con-
trast to the heteroaromatic substrates with one simple alcohol functional group, which 
are discussed above (84a – 87a), the heteroaromatic ketol substrates 96a – 97a only 
gave moderate yields. Probably, the electron-donating ability of those heteroaromatic 
rings is lower due to the keto groups and the electron-withdrawing ability of the het-
eroatoms O and S, thus reducing the overall electron density at the hydroxyl group and 
slowing down their reaction. 
Notably, ketene products like 71b – 72b and 88b – 89b can be used for further reac-
tions toward interesting scaffolds. It is known that catalytic amounts of NHCs and 
equimolar amounts of organic bases are sufficient for the reaction of such ketenes with 
benzyl bromides forming tertiary enols.[136] Moreover, excess amounts of N-hydroxy-4-
toluenesulfonamide can react with ketenes under presence of excess amounts of sim-
ple bases (e.g. K2CO3) to isoxaline derivatives, which are an important intermediate 
for the synthesis versatile heterocyclic scaffolds like isoxazoles, γ-amino alcohols and 
β-lactams (cf. Scheme 10).[137] 
Furthermore, potentially oxidizable functional groups such as thiomethyl and aldehyde 
substituents were grafted onto the aromatic ring of the corresponding alcohol sub-
strates because gaining a high selectivity especially for oxidation reactions plays an 
important role within the (sustainable) synthesis of natural products or pharmaceuticals 
(Scheme 29).[48a,63–64,138] Delightfully, these functional groups were well tolerated un-
der optimized reaction conditions (98a and 103a). Moreover, different other functional 
groups, namely ester (102a), nitrile (99a), nitro (101a), alkyne (100a) and alkene 
groups (101a) grafted onto the aromatic ring of the corresponding alcohol substrates 
reacted in good to excellent yields. It is noteworthy to say that in none of the cases any 
over-oxidized or carboxylated byproducts could be observed. These combined exper-





Scheme 29: Functional group selectivity during oxidation reactions; reaction condi-
tions: substrates (0.25 mmol), K3PO4 (20 mol%), DMSO (2.5 mL), CO2 (balloon), 
90 °C, 48 h; all are isolated yields; 1 eq K3PO4 was used in case of 101a. 
In general, only aromatic alcohols or such with an aromatically extended π electron 
system (such as cinnamyl alcohol derivatives) were reactive under these reaction con-
ditions. Compounds with only aliphatic chemical surrounding at the hydroxyl group did 
not show any activity (Scheme 31). Unfortunately, not all tested aromatically activated 
alcohols exhibited reactivity as shown in the following section. Scheme 30 and 31 dis-
play substrates that have at least one primary alcohol functionality, whereas 
Scheme 32 shows exclusively secondary alcohols. 
Scheme 30 is roughly divided into substrates with functional groups causing a –I 
(104a – 119a) or +I effect (127a – 133a), condensed ring systems (135a – 137a) and 
heteroaromatics (138a – 142a). When different aromatically activated alcohols were 
tested, nitrile groups seem to completely prohibit the reaction (104a – 105a) unless a 
second activating aromatic ring is present as in case of substrate 99a. In contrast to 
the already successfully tested chloro-substituted secondary alcohol substrates 57a 
and 74a, bromo and fluoro substitution precludes any reaction (106a – 111a) as well 
as chloro substitution at primary alcohol substrates (115a – 117a). Only when a single 
fluoro atom was present at para position, poor product formation could be observed 
(112a). Unfortunately, poly-brominated and poly-fluorinated substrates 107a – 108a 
did not exhibit any activity either, thus blocking the way toward a possible application 
on PTFE-related polymers. In contrast to trifluoromethylated secondary alcohol 75a, 
primary alcohols with that functional group exhibited poor to no reactivity                    
(113a – 114a): Around 30% of 114b were observed (according to GC-MS estimation) 
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but only after prolonged reaction time of 88 h. Compared to para-nitro cinnamyl alcohol 
(101a), its benzyl alcohol analog 118a did not exhibit any reactivity. Double aromati-
cally activated 77a endures ortho substitution with a loss in yield (cf. 73a) whereas 
ortho substitution at primary aromatic alcohols inhibits the reaction (115a – 116a, 122a, 
124a, 126a – 127a, 132a). 
 
Scheme 30: Scope of unsuccessful aromatically activated primary alcohol substrates; 
reaction conditions: substrates (0.25 mmol), K3PO4 (20 mol%), DMSO (2.5 mL), CO2 
(balloon), 90 °C, 48 h; reaction progress monitored by GC-MS; *yield estimated by GC-
MS; **yield determined by 1H NMR spectroscopy using iodoform as internal standard. 
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When hydroxyl groups were present directly at the aromatic ring, the reaction was 
completely suppressed as can be seen for 120a and 122a – 123a. Unfortunately, the 
electronic situation within the π system of a double and triple bond is too different so 
that the latter one did not provide a sufficient electron density at the hydroxyl group 
(121a). Substrates with two oxidizable hydroxyl groups did neither show oxidation 
products of one nor two of these groups (123a, 125a – 126a). 
In contrast to sufficiently converted substrates bearing electron-donating methoxy (ex-
cluding 133a) or benzyloxy groups, electron-donating alkyl groups hampered the reac-
tion (127a – 132a). A possible reason is the additional beneficial +M effect having its 
seeds in the lone pair of the oxygen atom of alkoxy groups, which is not present in 
case of alkyl moieties. Only double meta alkyl substitution (131a, cf. also double tert-
butyl-substituted benzyl alcohol 65a) gave a reasonable amount of product. Unfortu-
nately, the purification if 131b was not successful since the expected product aldehyde 
was lost due to its low boiling point (64 °C at 2 mbar). While single, double and triple 
substitution with a methoxy group at meta or meta and para position resulted in good 
to excellenct yields (cf. with 58a and 60a – 62a), substitution only at para position did 
not show any reactivity (133a). The same scheme of the inhibiting effect of a para 
substitution applied to carbonic acid esters as well (cf. 102a and 134a). 
Only two examples of condensed aromatic ring systems showed reactivity, namely 1- 
and 2-naphthyl methanol (64a and 70a, respectively). When a methoxy group was 
grafted onto the naphthalene ring in ortho position (135a) or higher order condensed 
ring systems such as anthracene (136a) and pyrene (137a) were used though, the 
reaction rate was quite low. In contrast to heteroaromatic secondary alcohol substrates 
including furyl, thiophenyl and benzothiophenyl examples (85a – 87a, 96a – 97a), pri-
mary heteroaromatic alcohols (including furyl, pyridyl and 1H-indolyl) were not con-
verted to the corresponding aldehydes (138a – 142a). 
Scheme 31 shows substrates with at least one aliphatic oxidizable hydroxyl group. In 
case of 143a – 145a, phenyl rings are separated from the hydroxyl group by an addi-
tional CH/CH2 group and a keto group, respectively. Furthermore, cyclohexyl (146a) 
as well as simple linear (147a – 152a, 154a – 155a) or branched (153a) alkyl alcohols 
did not show any reactivity at all, not even when an ether or nitro group was present 
(153a – 154a) or when the hydroxyl group was in conjugation with a π electron pair for 
a possible activation (152a). Additionally, the possible products 145b, 147b and     
154b – 155b could not be detected due to limitations of the used GC-MS system (either 
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too high polarity or too low boiling points). Especially 155a (D-sorbitol) would have 
been an interesting target since it is a commonly used sweetener but also a natural 
product appearing in fruits like apples and peaches or can be also produced from cel-
lulose and lignocellulose.[139] 156a can be seen as model substrate for greater lignin 
polymers and would have opened up another avenue toward natural product manipu-
lation.[140] Unfortunately, only traces of a single oxidized product were found, presum-
ably the ketone product since the secondary alcohol is activated by the dimethoxy phe-
nyl group (cf. 61a), whereas the primary alcohol group is located in an alkyl surrounding 
(cf. 144a). 
 
Scheme 31: Scope of unsuccessful aliphatic primary alcohol substrates; reaction con-
ditions: substrates (0.25 mmol), K3PO4 (20 mol%), DMSO (2.5 mL), CO2 (balloon), 
90 °C, 48 h; reaction progress monitored by GC-MS; *yield determined by 1H NMR 
spectroscopy using iodoform as internal standard. 
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An interesting outcome was seen after careful evaluation of the reaction mixtures of 
157a – 158a, two aromatic CBz-protected derivatives of serine and threonine, which 
are essential proteinogenic α-amino acids. After purification of the compound and com-
parison with ESI mass spectra, it was reasonable that a dehydration reaction has oc-
curred. Through the elimination of a water molecule a terminal and internal C=C double 
bond were formed, respectively. On the one hand, this type of reaction is known at 
room temperature with bases like DBU and DMAP and para-toluenesulfonyl chloride, 
which reacts with the hydroxyl group to a tosylate, which then has to be deprotected 
again.[141] On the other hand, at elevated temperature it is also known in polar solvents 
like DMF with DMAP as base (e.g. with 2 eq K2CO3 in DMF at 65 °C 84% yield could 
be obtained after 1 h[142]). Thus, in case of serine derivative 157a different bases were 
tried under otherwise optimized reaction conditions (DMSO, 90 °C, 16 h). Among 
(bi)carbonates, hydroxides, alcoholates and organic bases like DBU and 1,4-diazabi-
cyclo[2.2.2]octane (DABCO), 1 eq LiOH resulted in the highest obtained yield of 15%. 
Higher base equivalents did not increase the yield significantly. When molecular sieves 
were added for capturing the byproduct water, the yield could be slightly increased to 
19%. Since a base was used, the aqueous workup of the reaction mixture was con-
ducted with 1M HCl instead of distilled water thus further increasing the obtained yield 
to 27%. Because the reaction also worked under N2 atmosphere (but only up to 15% 
yield) and traditional screening approaches did not culminate in a satisfying yield this 
excursus was cancelled though. In addition, initial screening with threonine derivative 
158a only gave a maximum of 11% yield after prolonged reaction time and elevated 
temperature (100 °C, 48 h) with otherwise optimized conditions. 
In Scheme 32 exclusively secondary alcohols are summarized. Completely aliphatic 
alcohols (159a – 164a) did not show any reactivity under optimized reaction conditions 
as expected from previously examined primary alcohols. 
When only one side of the secondary alcohol functional group was aromatically acti-
vated, minor reactivity could be observed solely in case of a short alkyl chain. For 
instance, product formation could be seen for methyl substitution (165a) but with a less 
strong aromaticity compared to 90a and thus lower reactivity. In contrast, trifluorome-
thyl substitution (172a) hampered the reaction completely. Longer alkyl chains or ali-
cyclic moieties were not tolerated (166a, 173a), not even when methoxy groups as 
substituents with +M and +I effect (167a – 168a, 174a) or additional non-aromatic π 
electrons on the other side (171a) were present. The possible product 169b cannot be 
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detected by GC-MS. However, no trace of that product could be observed by 1H and 
13C nuclear magnetic resonance (NMR) spectroscopy either.  
 
Scheme 32: Scope of unsuccessful secondary alcohol substrates; reaction conditions: 
substrates (0.25 mmol), K3PO4 (20 mol%), DMSO (2.5 mL), CO2 (balloon), 90 °C, 
48 h; reaction progress monitored by GC-MS; *yield estimated by GC-MS.  
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Additionally, methyl ester derivative 170a was not reactive, too. Surprisingly, 175a as 
alicyclic-substituted cinnamyl alcohol derivative was not reactive at all. Different ring 
sizes of fused ring systems exhibited poor to no reactivity (176a – 178a). 
Albeit some diphenyl methanol and benzoin derivatives showed good to excellent 
yields previously (73a – 78a, 84a – 87a, 91a – 100a, 102a – 103a), other substitution 
patterns hampered the reactivity: In case of substrates 179a and 185a, a possible 
competing side reaction could be the carbamate formation at the amino function in the 
presence of base and CO2, forming a carbamate anion in situ and thus deactivating 
the hydroxyl group for further oxidation reaction. In contrast to bis-meta chloro- and 
fluoro-substituted 74a and 76a, respectively, only traces of ketone product were ob-
served from single bromo-substituted substrate 180a. Bis-meta trimethylamino-substi-
tuted 181a was not reactive under optimized conditions. Unfortunately, when substrate 
182a was used neither single nor double oxidation products could be detected. When 
3-pyridyl compound 183a was used instead of 2-pyridyl substrate 84a, reactivity was 
low and surprisingly dropped further when methoxy groups were introduced (184a). 
The same effect applied to substrate 186a compared to 85a. A purification issue pro-
hibited obtaining the pure product 187b. Although the GC-MS spectrum was promising 
(analog to benzothiophene derivative 87a), obtaining the keto product was not possible 
even after a second column chromatography. 
An interesting observation was made when simple 1-cyclohexen-2-ol (188a) was used: 
GC-MS and high resolution mass spectrometry (HRMS) implied that there was a keto 
dimer formed instead of simple oxidation to cyclohexanone, which was not present in 
the commercial starting material. Unfortunately, the reaction occurred only to a small 
extent prohibiting further analysis. However, there are no reactions known (according 
to SciFinder) leading to a dimer regardless of the ether’s substitution position at the 1-
cyclohexen-2-one ring. 
Another product, that was unexpected at first glance, was found when 2-hydroxy-2-
phenylacetonitrile (189a) was subjected to the reaction system. Most of the starting 
material was trimerized and doubly oxidized into product 189b, which was verified by 
HRMS: m/z calcd. for C21H16O3 [M+H+]: 317.1172, found: 317.1171; m/z calcd. for 
C21H16O3 [M+Na+]: 339.0992, found: 339.0995; m/z calcd. for C21H16O3 [M+K+]: 
355.0731, found: 355.0723. Besides, benzoin (91a) and benzil (91b) as well as 189b 
II were observed in trace amounts as byproducts. The most likely underlying mecha-
nisms should be rather simple though and are depicted in Scheme 33. Path a of 
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Scheme 33 describes the well-known Schotten-Baumann reaction, which occurs un-
der elevated pH values as present in the actual reaction system:[143] First, 189a is oxi-
dized to benzoyl cyanide (189b I) as intermediate under optimized oxidation reaction 
conditions. This reacts with another substrate 189a to the benzoic acid ester derivative 
189b II, which was found as byproduct in trace amounts. The cyanide functional group 
is known to behave as pseudohalide and thus the reactivity of 2-hydroxy-2-phe-
nylacetonitrile is expected to be similar to benzoyl chloride. Path b describes another 
well-known reaction, the benzoin condensation in which two equivalents of 189a de-
compose spontaneously[143] in the presence of a base to benzaldehyde (66b) and 
KCN. Cyanide salts are known to catalyze benzoin condensation reactions yielding 
benzoin (91a). This can either be further oxidized under optimized reaction conditions 
to benzil (91b, cf. Scheme 28) or being deprotonated by a base and react with inter-
mediate 189b I while the nitrile group in the presence of a base again acts as pseudo-
halide finally releasing trimer product 189b. Alternatively, catalytic amounts of base are 
sufficient to deprotonate DMSO, which could attack 91b forming a reactive anionic 
epoxide intermediate, which then reacts with aldehyde 66b to 189b, too. This latter 
reaction was published by Bortolini et al. in 2013.[144] 
 
Scheme 33: Reaction details and possible pathways for the reaction of substrate 189a. 
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When the reaction was repeated with different temperatures and bases and under N2 
atmosphere, respectively, the amount of benzoin and benzil in the product mixture 
could be increased in some cases. However, 189b II was only observed in trace 
amounts regardless. Notably, benzaldehyde (66b) was detected as intermediate via 
GC-MS but not ketone 189b I, since it is known to decompose in contact with water 
(during aqueous workup or within the reaction mixture with water formed as byproduct) 
to phenylglyoxylic acid, which is water-soluble and cannot be detected using GC-MS 
either. However, the oxidative trimerization of benzaldehydes is known in literature: 
For instance, Cheon et al. published the trimerization of aldehydes with equimolar 
amounts of NaCN as additive in polar solvents (especially DMSO) and under water-
free conditions (molecular sieves). They found that 91a readily reacts quantitively with 
189b I to 189b without addition of cyanide salts. A possible application of this trimer 
was shown as the reaction with thiourea to the heteroaromatic scaffold compound 
2,4,5-triphenyl-1,3-oxazole.[145] 
 
3.2.1.3 Application of the Synthetic Alcohol Oxidation Protocol 
 
Scheme 34: Transition metal-free synthesis of combretastatin A4 and DMU-212 based 
on the oxidation of 60a on large scale. 
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With this selective oxidation protocol at hand, the next step was to develop a transition 
metal-free synthesis of pharmaceutically active drug molecules. For that purpose, com-
bretastatin A4, a potent microtubule-targeting and vascular damaging agent, which has 
been used for cancer chemotherapy,[146] and DMU-212, a pharmaceutical drug used 
for breast cancer treatment,[147] were chosen as examples. Both drug molecules were 
successfully synthesized using literature-known procedures after achieving the inter-
mediate 3,4,5-trimethoxybenzaldehyde (60b) in 5 mmol scale starting from 3,4,5-tri-
methoxybenzyl alcohol (60a) with the developed reaction protocol (Scheme 34). After 
the oxidation of the alcohol susbtrate succeeded, both drug compounds were synthe-
sized in nearly quantitative yields via Wittig reaction.[148] 
Moreover, another interesting reaction is the transition metal-free homologation of α,β-
unsaturated aldehydes (Scheme 35).  The corresponding homologated products pos-
sess structural similarities with a huge number of different natural products such as 
navenone B, 11-cis-retinal or the promising antioxidant and aromatic dicarboxylate ca-
rotenoid synechoxanthin, which was just isolated from a cyanobacterium in 2008, 
etc.[149] Hence, commercialization interests are obvious, too.[150] In order to point to-
ward these conjugated and unsaturated long-chain structures utilizing the developed 
oxidation method, the homologation sequence started from cinnamyl alcohol (55a), 
which was oxidized to cinnamaldehyde (55b). It then underwent addition of vinyl mag-
nesium bromide followed by hot water rearrangement (according to literature proce-
dure[151]). This rearrangement is shortly discussed here (Scheme 36).[152]  
 




55b reacts with the nucleophile Grignard reagent and after an aqueous workup the 
secondary alcohol 192b I is obtained in 95% yield. This secondary alcohol undergoes 
a so-called hot water rearrangement in boiling water, which gives the primary alcohol 
192b II via a carbocation in 90% yield. Both 192b I and 192b II were isolated and NMR 
spectra were measured (see appendix). Finally, 192b II was oxidized again using CO2 
as promoter leading to the corresponding homologated α,β-unsaturated aldehyde 
192b with 95% yield. The overall yield is thus 81% (over 3 isolated steps) and still 73% 
including the prior oxidation step. This serves as a proof of concept for the future strat-
egy of synthesizing aromatic polyenes from commercially available and cheap starting 
materials and reagents in a sustainable transition metal-free reaction pathway. Similar 
iterative synthesis strategies including alkene chain extension and subsequent rear-
rangement steps yielding polyenes are known in literature as well. An example for that 
is the natural product synthesis of the already mentioned retinal (see Scheme 35) by 
Burke et al., who synthesized retinal from a boronic acid via double cross-coupling 
utilizing a well-defined Pd catalyst and rearrangement reaction, respectively.[153]  
 
Scheme 36: Detailled mechanism of the reaction from cinnamaldehyde to α,β-unsatu-
rated aldehyde 106b; all are isolated yields. 
 
3.2.1.4 Mechanistic Studies 
After this extensive exploration of the scope of substrates and revealing examples of 
possible applications of this CO2-promoted alcohol oxidation protocol, the examination 
of the actual role of CO2 within this reaction system was the obvious next target. A 
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summary of the conducted control and labeling reactions is shown in Scheme 37 with 
cinnamyl alcohol as model substrate. 
The important role of CO2 was revealed when N2 and O2 atmospheres were applied, 
since no or negligible oxidation products could be observed, respectively (Scheme 37, 
(A – B)). In the literature it is reported that CO2 involved in oxidation reactions can be 
consumed while being reduced, e.g. to methanol.[154] However, in the herein presented 
case only CO2 was observed in the headspace of the reaction atmosphere but no other 
reduction products of CO2 (e.g. CO, formic acid/formate) neither via in situ gas phase 
GC nor by NMR spectroscopy (see Figure 14 in the appendix). 
 
Scheme 37: Control and labeling experiments for the CO2-promoted oxidation of cin-
namyl alcohol; reaction under N2 atmosphere (A), reaction under O2 atmosphere (B), 
optimized reaction conditions for comparison (C), trapping of the carboxylate interme-
diate (D), reaction with di-n-butylsulfoxide as actual oxidant (E), 18O labeling with 
DMSO18O (F). 
It is well known that CO2 can bind to hydroxyl moieties forming the corresponding O-
carboxylated intermediate. Unfortunately, observation of an O-carboxylated intermedi-
ate anion was not possible under 13CO2 atmosphere due to its instability within the 
reaction system.[20e,21] However, addition of EtI after the reaction successfully trapped 
the corresponding 13C-labeled cinnamyl ethyl carbonate (Scheme 37, (D)), which was 
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evidenced by liquid chromatography-coupled electrospray ionization high resolution 
mass spectrometry (LC-ESI-HRMS) in good agreement with calculated masses for the 
respective adduct cations: m/z calcd. for C1113CH14O3 [M+H+]: 208.1049, found: 
208.1046; m/z calcd. for C1113CH14O3 [M+Na+]: 230.0869, found: 230.0870. 
In order to furnish proof about the actual oxidant, DMSO was replaced by di-n-butyl-
sulfoxide, which was reduced to di-n-butylsulfide in equimolar ratio regarding cinnamal-
dehyde (Scheme 37, (E)). Besides, it should be noted that DMS can be found, too 
(when DMSO was used), but because of the low boiling point of DMS (31 °C) and its 
associated volatility in the reaction mixture (90 °C), quantification of this byproduct was 
not possible.[155] Finally, substitution of DMSO by DMS18O incorporated 99% 18O 
demonstrating that the oxygen atom within the aldehyde product originated from the 
solvent as actual oxidant (Scheme 37, (F)). 
   
 
Figure 5: Reaction monitoring under optimized reaction conditions (A), plots for deter-
mination of reaction order in respect to cinnamyl alcohol (B) and K3PO4 (C) and Arrhe-
nius-Eyring plot (D). 
Monitoring the reaction process under optimized reaction conditions showed a nearly 





48 h reaction time (Figure 5, (A)). For evaluation of the rate-determining step, the re-
action progress was monitored under different reaction conditions (different ratios of 
substrate and base und different temperatures). A 1st order reaction rate with respect 
to the starting material (B) but a reaction rate of 0th order regarding K3PO4 (C) were 
observed suggesting that the base is not involved in the rate-limiting step. An Arrhe-
nius-Eyring plot was generated by observing the reaction process at different temper-
atures between 30 °C and 110 °C, which allows calculation of the activation enthalpy 
as ΔH≠ = 21.1 kcal mol–1 (88.4 kJ mol–1) and the activation entropy as                    
ΔS≠ = –30.9 cal mol–1 K–1 (–129.7 J mol–1 K–1) (D). The negative calculated entropy 
value suggested an associative process involved in the rate-limiting step.  
The reaction was further clarified by means of DFT calculations. The first step of the 
mechanism is most likely proposed to be the formation of the carbonic acid hemiester 
B from alcohol A and CO2 (Scheme 38). 
 
Scheme 38: DFT-calculated pathway of CO2-promoted oxidation of cinnamyl alcohol; 
D3(BJ)-B3LYP/def2-TZVPP, COSMO (DMSO) corrected single point energies relative 
to cinnamyl alcohol A in kcal mol–1; calculations were carried out by Markus Finger. 
On the one hand, this pre-equilibrium is computed with 11.3 kcal mol–1 uphill, but it is 
necessary to convert the hydroxyl group to a better leaving group as proven earlier by 
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Tunge, Jessop and List independently.[20d–e,21] On the other hand, the calculated tran-
sition state TSB/D of a direct substitution by DMSO represents a rather high barrier of 
42.7 kcal mol–1 relative to the starting compound reflecting the low nucleophilicity of 
DMSO and therefore making it less feasible. Instead, B dissociates into a bicarbonate 
anion and an allyl cation C, which is computed at 31.5 kcal mol–1 and thus much lower 
than TSB/D. Transition states of the dissociation of HCO3– and consecutive attack of 
DMSO at C could not be calculated though due to flat energy profiles of the necessary 
single steps. However, an important difference of energy values comparing linear C 
and bent C’ explains the significance of π conjugation for stabilizing intermediate cation 
C more than C’. Anyhow, this also raises the question of selectivity since DMSO could 
theoretically attack on any of those involved C atoms. However, both diastereomer C’ 
and internal isomer D’ are at least 5.3 kcal mol–1 less stable than C and D, respectively. 
This would correspond to a 1:1000 ratio, which is below the experimental detection 
limit. When intermediate D is formed, deprotonation to E with the aid of bicarbonate 
anion releases the catalyst CO2 and H2O as byproduct in analogy to the Swern oxida-
tion mechanism. An internal proton shift via TSE/F results in irreversible product for-
mation of aldehyde F. The relatively small calculated barrier of this step of 5.2 kcal mol–
1 in respect to E suggests a fast reaction after attack of DMSO onto allylic cation C 
toward F. But the actual rate-determining step stays still ambiguous because C and 
TSE/F both have comparable energy values in relation to the starting compound (see 
also Figure 21 in the appendix). Tentatively, product formation is triggered by allyl cat-
ion C, which is surrounded by stabilizing DMSO molecules in solution until deprotona-
tion. 
 
Scheme 39: Plausible mechanism for the CO2-promoted oxidation of cinnamyl alcohol. 
Combination of experimental evidence and computational calculation suggests a reac-
tion mechanism, in which CO2 played a pivotal role for the transformation of the hy-
droxyl into a good leaving group (Scheme 39). Based on the inability of observing the 
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intermediate carbonic acid hemiester without the help of a trapping agent and the cal-
culated energy differences of A and B, the first step should not be rate-determining but 
a pre-equilibrium. These calculated unfavorable thermodynamics explain on the one 
hand why the hemiester could not be isolated and the calculated negative activation 
entropy (cf. the already discussed Arrhenius-Eyring plot) on the other hand. The next 
step, a nucleophilic attack by DMSO, was clearly demonstrated by the 18O labeling 
experiment, which showed that the oxygen atom of the alcohol substrate is quantita-
tively replaced by the one from DMSO. The following actual oxidation step (i.e. depro-
tonation of cationic dimethylsulfide group, followed by proton shift) is well known for 
oxidation reactions with DMSO as actual oxidant. However, in this case the activation 
of the alcohol substrate is accomplished very mildly by CO2 in contrast to these known 
procedures. 
 
3.2.2 CO2-Assisted Synthesis of α-Diketones Directly From Aldehydes  
3.2.2.1 Optimization Studies 
Since benzoin-type substrates (91a – 97a) reached high yields for their corresponding 
α-diketo compounds combined with the interesting outcome of substrate 189a regard-
ing its trimerization product, for which the in situ benzoin condensation played an im-
portant role, the extension of the presented CO2-promoted alcohol oxidation toward 
other reaction systems and substrates was at hand.[156] The benzoin condensation re-
action rate can be enhanced by DMSO (although it is not completely understood 
yet[157]), which fits quite well to the developed alcohol oxidation methodology so that a 
one-pot combination of benzoin condensation and in situ oxidation into the α-diketone 
derivative was the focused aim. 
Since not only above-mentioned cyanide salts are known to catalyze the benzoin con-
densation but also N-heterocyclic carbenes, a variety of those NHC catalysts 
(10 mol%) was added to a reaxtion mixture of aldehyde and DMSO together with dif-
ferent bases at the outset of the screening for optimal reaction conditions under CO2 
atmosphere (Table 4). As model substrate, heteroaromatic furfural (193a) was chosen 





Table 4: Optimization for the direct synthesis of furil from furfural. 
 
Entry Catalyst Base (eq) Yield / % 
1 A K2CO3 (1.5) 49 
2 B K2CO3 (1.5) 86/80* 
3 C K2CO3 (1.5) 0 
4 D K2CO3 (1.5) 20 
5 E K2CO3 (1.5) 1 
6 B Cs2CO3 (1.5) 50 
7 B KOH (1.5) 43 
8 B LiOH (1.5) 18 
9 B DBU (1.5) 0 
10 B DBN (1.5) 15 
11 B KOtBu (1.5) 26 
12 B DMAP (1.5) 0 
13 B Et3N (1.5) 1 
14 B NaH (1.5) 7 
15 B aniline (1.5) 0 
16 B pyrimidine (1.5) 0 
17 B K2CO3 (1.0) 57 
18 B K2CO3 (0.5) 45 
19 B - 0 
20 - K2CO3 (1.5) 0 
21 B K2CO3 (1.5) 0** 
22 B K2CO3 (1.5) 0*** 
General reaction conditions: furfural (193a, 0.25 mmol), base, catalyst, DMSO 
(2.5 mL), CO2 (balloon), 55 °C, 16 h; yields determined by GC using n-dodecane as 
internal standard; *5 g scale reaction; **N2 atmosphere; ***O2 atmosphere; reproduced 
by permission of The Royal Society of Chemistry.[156] 
Delightfully, NHC catalyst A (3-benzyl-5-(2-hydroxyethyl)-4-methylthiazolium chloride; 
10 mol%) yielded 49% of furil in the presence of 1.5 eq of K2CO3 in DMSO at 55 °C 
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overnight already. When the catalyst was changed to the cheaper 3-ethyl-5-(2-hydrox-
yethyl)-4-methylthiazolium bromide B the yield increased to 86%. Three other NHC 
catalysts showed minor to no activity for the oxidation step albeit catalyzing the benzoin 
condensation to some extent but only yielding marginal amounts of α-diketone product. 
Notably, no scale-up issues were identified under otherwise similar conditions leading 
to 80% furil even in a 5 g scale without any further precautions. Other tested bases like 
Cs2CO3, inorganic hydroxides, NaH, KOtBu and organic bases like DBU, DMAP and 
pyrimidine showed less activity. A decrease of base loading to 0.5 eq resulted in sig-
nificantly lower amounts of furil. No product formation was observed in absence of 
base or catalyst or under N2 and O2 atmosphere proving the essential role of CO2 in 
this reaction. As expected, the use of solvents other than DMSO did not lead to furil 
formation (not shown here). 
 
3.2.2.2 Scope of Substrates 
With these optimized conditions at hand, the scope of this reaction methodology was 
investigated (Scheme 40). A variety of (hetero)aromatic aldehydes was directly con-
verted to their corresponding α-diketones. Electron-donating (199b – 200b, 203b, 
207b) and -withdrawing groups (196b, 198b) on the rings were well tolerated and led 
to yields of up to 83%. Substrates with a –I effect gave slightly better yields. Even an 
α-diketone with fused heteroaromatic benzofuran ring systems (206b) was obtained in 
79%. Notably, the reaction proceeded smoothly for both 1- and 2-substitution patterns 
on the furan and the thiophene ring, respectively (193b, 195b, 201b – 202b).  
Several of the used aldehydes, namely furfural (193a), HMF (205a) and 5-methylfurfu-
ral (207a) are reported to be obtained from naturally occurring carbohydrates (i.e. bio-
mass, one of the most abundant renewable resources) in large scale by many well-
known methods. Especially a recently published one reports the dehydrogenation of 
glucose via CO2 catalysis as mentioned above.[20d,158] These aldehydes attained high 
priority for the production of fuels and fine chemicals nowadays.[159] With the herein 
described methodology these aldehydes can be converted into the corresponding α-
diketones without any purification issue. 
Along with homocoupled aldehydes, heterocoupling of two different aldehydes was in-
vestigated, too, resulting in non-symmetric α-diketones. It is literature-known though 
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that heterocoupling of two different aldehydes via benzoin condensation is more chal-
lenging due to its reaction mechanism: The Breslow intermediate, which is formed 
when an NHC attacks an aldehyde substrate, is generated faster from electrophilic 
aldehydes along with speeding up the C–C formation step with another more electro-
philic aldehyde substrate. Thus, when two aldehydes with different electrophilicity are 
used, commonly homocoupled products are derived.[160] Early approaches to solve this 
selectivity issue were undertaken by Ide et al. for the cyanide-catalyzed benzoin con-
densation and Stetter et al. for the NHC-catalyzed version.[161] Especially the latter in-
vestigation (along with Breslow earlier[81]) showed that thiazolium salts are superior 
catalysts for the cross-benzoin condensation. Selectivity was found to be highly sub-
strate-dependent, which did not allow general statements. Even though this reaction is 
well studied, recent literature still states that efficient methods for a selective aldehyde 
heterocoupling via benzoin condensation is still out of reach yet.[160,162]  
 
Scheme 40: Synthesis of symmetric α-diketones directly from aldehydes; reaction con-
ditions: substrates (0.25 mmol), K2CO3 (1.5 eq), catalyst B (10 mol%), DMSO 
(2.5 mL), CO2 (balloon), 55 °C, 16 – 40 h; all are isolated yields; some reactions were 




Notably, modification of the reaction procedure had to be applied in order to suppress 
the favored homocoupling. For this purpose, a 1:1 ratio of two different aldehydes was 
applied firstly, but the obtained product mixtures exhibited only poor product selectivity. 
A subsequent change of this ratio to 1:1.5 increased the product selectivity as was 
previously stated by Stetter and Dämbkes.[161b] The results of this reaction procedure 
are shown in Scheme 41. Moreover, the first attack of the more electrophilic aldehyde 
changes the steric and/or electronic conditions of the so-formed Breslow intermediate. 
The less electrophilic aldehyde is then more attracted to the Breslow intermediate be-
cause of the difference between the thiazolium NHC, which was used for the herein 
reported methodology, and the triazolium NHCs used for the majority of comparable 
reported methodologies, in which selectivity was a major issue. Notably, in every case 
homocoupling (and further oxidation to symmetric α-diketones) was also observed be-
sides the desired product formation.  
 
Scheme 41: Synthesis of non-symmetric α-diketones directly from two different alde-
hydes; reaction conditions: substrates (0.25 mmol for R–COH and 0.375 mmol for    
R’–COH, respectively), K2CO3 (1.5 eq), catalyst B (10 mol%), DMSO (2.5 mL), CO2 
(balloon), 55 °C, 36 – 48 h; all are isolated yields; some reactions were performed by 
Pradipbhai Hirapara; reproduced by permission of The Royal Society of Chemistry.[156] 
With the described change of the starting material’s ratio, it is possible to obtain several 
α-diketones with different heteroaromatics (208b – 209b, 214b – 219b), products with 
electron-withdrawing and -donating functional groups (211b – 215b) and α-diketones 
having aromatic and heteroaromatic moieties at once (210b – 211b, 213b) in high 
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yields up to 80%. This opens up a new way for the synthesis of asymmetric α-diketones 
since none of them is commercially available and comparable traditional syntheses 
rely on two or three consecutive synthesis steps. As mentioned for symmetric α-
diketones also non-symmetric ones can be completely synthesized from potentially 
biomass-derived aldehydes (214b – 215b, 219b). 
 
Scheme 42: Unsuccessful syntheses of symmetric α-diketones from aldehydes; reac-
tion conditions: substrates (0.25 mmol), K2CO3 (1.5 eq), catalyst B (10 mol%), DMSO 
(2.5 mL), CO2 (balloon), 55 °C, 16 – 40 h; *yield estimated by GC-MS; n.r. = no reac-
tion by means of desired symmetric α-diketones. 
As discussed in chapter 3.1.2 and 3.2.1.2, there are several substrates disclosing the 
limitations of this methodology as well. Scheme 42 shows an overview over several 
aldehyde substrates, which underwent optimized reaction conditions with the purpose 
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of obtaining homocoupled symmetric α-diketones, thus only the substrates instead of 
the products are shown by means of clarity. Correspondingly, Scheme 43 displays 
unsuccessful attempts to yield heterocoupled non-symmetric α-diketones. 
Unfortunately, aliphatic aldehydes were not suitable under these reaction conditions in 
general. Neither branched (220a, 225a) or linear aliphatic aldehydes (221a – 222a) 
nor alicyclic aldehydes such as cyclohexyl and 1-piperidinyl aldehyde (223a – 224a) 
gave the corresponding α-diketone in considerable amounts, not even when potentially 
aromatically activating phenyl groups were present within the direct chemical surround-
ing (225a). The electron density is probably not high enough to form a sufficiently stable 
Breslow intermediate. The missing +M effect might hinder the stabilization of that in-
termediate as well. Previous studies also mentioned lower yields or no reactivity at all 
for aliphatic aldehydes during benzoin condensation reactions.[160,161b] 
Albeit benzaldehyde derivatives with alkyl moieties reacted well (199b – 200b) alkoxy 
or hydroxyl groups seemed to hamper an efficient oxidation reaction regardless of the 
substitution position (226a – 229a). The potential product of benzoic acid substrate 
230a was not detectable via GC-MS, but since the carboxylic acid ester 236a did not 
react as well, benzoic acid ester were not further investigated. Dialdehyde 231a did 
not react to the corresponding α-diketone “dimer” or “trimer” but GC-MS spectra sug-
gested that the starting material was still present in the reaction mixture. Hence, either 
no reaction happened or oligomerization/polymerization occurred, although no insolu-
ble precipitate was observed. In contrast to para-substituted fluoro- and bromobenzal-
dehyde (196a, 198a), product formation was not observed in the presence of the chem-
ically similar pseudohalide nitrile moiety (232a). 5-membered heteroaromatic ring sys-
tems reacted well regardless of the position of the heteroatom within the ring (cf. 2- 
and 3-substituted furyl and thiphenyl aldehydes 193a, 195a and 201a – 202a). How-
ever, pyridine derivatives were more sensitive regarding the substitution pattern since 
2- and 3-substitution (194a, 204a) gave similar product yields whereas 4-substituted 
pyridine only yielded traces of the corresponding α-diketone (233a). A similar case 
regarding benzofuran and benzothiophene (cf. 87b and 187b) explained in chapter 
3.2.1.2 was observed here as well: Benzofuran derivative 206b was obtained purely in 
high yield whereas benzothiophene derivative 234b could not be purified despite a 
promising similar yield estimated by GC-MS for the latter substrate. In contrast to non-
substituted thiophene derivatives (201b – 202b) the 5-chloro-substituted 235a only 
gave traces of the corresponding α-diketone. Apart from furfural derivatives substituted 
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with one methyl group (207a) or a hydroxymethyl group (205a), 4,5-dimethyl- and 5-
bromo-substitution showed low to no product formation, respectively (237a – 238a). A 
1H-pyrrole derivative was not active under oxidation conditions even when the nitrogen 
atom was blocked by a methyl group avoiding deprotonation by the base (239a – 
240a). Also both thiazole compounds 241a – 242a did not yield the desired product 
regardless of structural similarity to the used NHC catalyst, which was expected to 
induce positive intermolecular substrate-catalyst interactions. Benzoin-type intermedi-
ates were found in all cases in higher amounts except for aliphatic aldehydes and 
229a – 231a though, suggesting only a low acceptance of these substrates and sub-
stitution patterns during the oxidation step. 
 
Scheme 43: Unsuccessful syntheses of non-symmetric α-diketones from aldehydes; 
reaction conditions: substrates (0.25 mmol for R–COH and 0.375 mmol for R’–COH, 
respectively), K2CO3 (1.5 eq), catalyst B (10 mol%), DMSO (2.5 mL), CO2 (balloon), 
55 °C, 16 – 40 h; *yield estimated by GC-MS; n.r. = no reaction by means of desired 
non-symmetric α-diketones. 
As expected, the synthesis of non-symmetric α-diketones was even more challenging 
due to the tendency of symmetric product formation (Scheme 43). When aromatic and 
aliphatic aldehydes were used simultaneously, almost exclusively homocoupled α-
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diketones obtained from the aromatic aldehyde were observed (243b – 246b). Be-
sides, 243b was accompanied by a complex (statistical) product mixture, which can be 
expected from published reports.[160] When furfural and pyridine derivatives on the one 
hand and benzaldehyde derivates on the other hand were used together, they still 
tended to release mostly homocoupled products (247b – 257b). Only three exceptions 
were observed previously (210b – 211b, 213b). This pattern indicates that homocou-
pling is hindered when furfural and 4-fluorobenzaldehyde or 2-ethoxy-benzaldehyde 
(247b – 248b) or when 2-pyridyl aldehyde and non-substituted, 4-methyl- or 4-fluoro-
benzaldehyde or furfural are used together (254b – 257b), respectively. Moreover, fur-
fural seems to be prone to react neither with pyrrole nor thiazol regardless of the sub-
stitution pattern (249b – 253b). 
 
3.2.2.3 Application of the α-Diketone Synthetic Protocol 
After exploration of the possible scope of substrates, possibilities for an application of 
the synthesized symmetric α-diketones were examined. Especially 4,4’-dichlorobenzil 
(198b) was found to be used for the synthesis of a variety of commercially interesting 
compounds with varying applications. For instance, 198b serves as intermediate in the 
synthesis of the neuroprotective agent 258b, as important precursor for graphene na-
noribbons like 259b, which help improving properties of organic electronic materials in 
polymer blends, and the known antimalarial agent 260b, all depicted in Scheme 44.[163] 
Notably, intermediate 198b was successfully synthesized in a 5 g scale from cheap 
reactants and catalyst obtaining 80% yield without further precaution, is commercially 
available but highly expensive, e.g. from Sigma Aldrich (119 €, 10 mg), AK Scientific 
(717 €, 5 g), Fluorochem (430 €, 5 g) or TCI (319 €, 5 g). 
As mentioned above, 5 g furil (193b) were synthesized directly from furfural (193a) 
without any purification issue in 80% yield, too. This α-diketone can be further trans-
formed into a number of different valuable molecules (Scheme 45) such as 2,3-di(fu-
ran-2-yl)quinoxaline (261b), which was found to slow down the corrosion rate of mild 
steel in H2SO4.[164] Quinoxaline residues are also utilized within polymers resulting in 
polymeric structures known for their use in the production of LEDs.[165] Moreover, the 
pyrazine derivative 262b, occurring in flavors, numerous biologically active substances 
and agrochemicals, was synthesized from furil in one step with 77% yield.[166] Oxazole 
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derivative 263b was obtained via Cu(I) catalysis and air-promoted oxidative cyclization, 
which is an important scaffold for pharmaceuticals and functional materials.[167] 
 
Scheme 44: Synthesis of drug molecules and precursor for graphene nanoribbons 
from 4,4’-dichlorobenzil 198b; reaction conditions: path a: 1) 198b (0.5 mmol), thio-
semicarbazide (1.0 mmol), EtOH, reflux, 40 h; 2) MeI (1.2 eq), Et3N (7.2 eq), MeOH, rt 
2 h; path b: 198b (0.22 mmol), (nBu)4NOH (0.22 mmol), tBuOH, 80 °C, 20 min; path 
c: 1) cyclohexylthiourea (0.58 mmol), 198b (0.52 mmol), KOH (0.8 mmol), 
H2O/DMSO, 110 °C, 10 min; 2) NH3, tBuOOH, H2O/MeOH, rt, overnight; all are iso-
lated yields; reproduced by permission of The Royal Society of Chemistry.[156] 
Moreover, furil was converted to the known antitumor-active compound 264b (via iso-
lated intermediate 264b’ after the first step) in 58% overall yield (3 steps), which was 
found to have a high activity against a panel of cancer cell lines.[168] On the one hand, 
this synthesis relies on an expensive transition metal, but on the other hand, palladium 
on charcoal is a widely applied catalyst for hydrogenation reactions and can be easily 
separated from the reaction mixture due to its heterogeneous nature. Moreover, the 
used hydrogen gas was applied at atmospheric pressure through a simple balloon as 
used for the application of CO2 gas. Finally, depending on the used aldehyde (e.g. 
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benzaldehyde in this case) a variety of imidazoles like 265b can be synthesized from 
furil as well in high yields, opening up the possibility for a huge number of imidazole 
backbones when different other commercially cheap available aldehydes are used. 
These imidazoles are generally important building blocks for the synthesis of a variety 
of antitumor, antibiotic, antifungal, antiinflammatory and antiallergic drug mole-
cules.[169] To date, there is no report about the direct conversion of biomass-derived 
furfural into widely utilizable chemicals and pharmaceutical molecules. 
 
Scheme 45: Conversion of biomass-derived furil to valuable chemicals; reproduced 
by permission of The Royal Society of Chemistry.[156] 
 
3.2.2.4 Mechanistic Studies 
After investigating the scope of substrates and the application of synthesized products, 
it was obvious to investigate the reaction mechanism, too. The main function of the 
used base K2CO3 is the in situ generation of a free carbene diradical, which can then 
act as catalyst for the benzoin condensation via a literature-known pathway.[89] Indeed, 
when the conversion of furfural was monitored over time to a maximum of 24 h under 
optimized reaction conditions, it revealed that most of the furfural was firstly converted 
to furoin (193b’) within the first 1 h. This furoin intermediate was then slowly oxidized 
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under CO2 atmosphere to the corresponding α-diketone furil (Figure 6). Furthermore, 
mechanistic experiments were undertaken to provide background information about 
the role of CO2, the actual oxidant and possible intermediates (Scheme 46). 
 
Figure 6: Conversion of furfural 193a to furoin 193b’ and furil 193b under optimized 
reaction conditions; reproduced by permission of The Royal Society of Chemistry.[156] 
Under inert gas atmosphere (N2) only intermediate furoin 193b’ was found (A). When 
furoin was submitted to optimized reaction conditions with CO2 atmosphere in a sepa-
rate second step, it quantitatively reacted to furil (B). 3,5-Di-tert-butyl-4-hydroxytoluene 
(BHT) as a known radical scavenger was then added to the reaction mixture to exclude 
a possible radical pathway and in fact, the overall reaction was not hindered giving 
almost the same yield of furil as without BHT, ruling out an involvement of radicals in 
the mechanism (C). As known from chapter 3.2.1, CO2 was not expected to be the 
actual oxidant but rather the solvent. A hint for that fact was the non-reactivity in reac-
tion media other than DMSO. Again, in situ gas phase GC of the headspace of the 
reaction and NMR spectroscopy of the reaction mixture were utilized for the determi-
nation of possible reduction products from CO2 such as CO, formic acid or its respec-
tive salt. Nonetheless, only CO2 was detected via in situ gas phase GC, thus excluding 
the presence of O2 as the exogeneous oxidant in the gas phase during the reaction. 
Moreover, it was again possible to detect the O-carboxylated alcohol intermediate. This 
intermediate was trapped with the aid of EtI as the carbonic acid ethyl ester with both 
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CO2 and 13C-labeled CO2 by an HRMS method in good agreement with calculated 
masses for the respective adduct cations (D).  
 
Scheme 46: Experimental evidence for the crucial role of CO2 (applied via a balloon) 
in the oxidation step; reaction under N2 atmosphere (A), reaction of furoin to furil (B), 
reaction with BHT as quencher (C), trapping of the carboxylate intermediate (D), reac-
tion with di-n-butylsulfoxide as actual oxidant (E), proposed reaction mechanism (F); 





For 12CO2 HRMS was measured as follows: 
LC-ESI-HRMS: m/z calcd. for C13H12O6 [M+H+]: 265.0707, found: 265.0704; m/z calcd. 
for C13H12O6 [M+Na+]: 287.0526, found: 287.0545. 
For 13CO2 HRMS was measured as follows: 
LC-ESI-HRMS: m/z calcd. for C1213C1H12O6 [M+H+]: 266.0740, found: 266.0737; m/z 
calcd. for C1213C1H12O6 [M+Na+]: 288.0559, found: 288.0555. 
Since DMSO was expected to act as actual oxidant, the corresponding reduced by-
product had to be dimethyl sulfide. Unfortunately, quantification was impossible due to 
its low boiling point (31 °C).[155] But when DMSO was substituted by di-n-butylsulfoxide, 
the reduced byproduct di-n-butylsulfide (boiling point: 189°C) could be quantified in an 
equimolar ratio compared to furil (E). By summarizing these mechanistic experiments 
and the reaction progress monitoring a plausible mechanism was postulated with two 
independent steps (F): First, the NHC-catalyzed benzoin condensation occurs be-
tween the aldehyde molecules (regardless of the gas present in the headspace of the 
reaction) followed by a considerably slower yet selective addition of the CO2 molecule 
to the hydroxyl group enabling a Swern-type oxidation step with DMSO as oxidant. 
Since the benzoin condensation occurring as first step is literature-known, it shall be 
only shortly discussed here: In brief, the NHC salt is activated by means of a free car-
bene in situ by the base (K2CO3). To this diradical species, the aldehyde can bind via 
formation of a Breslow intermediate. This intermediate, however, is not stable enough 
to be isolated, not even when MeI is taken for stabilization as reported by Breslow.[81] 
A second aldehyde molecule is attacking and forms the ketol while the free carbene 
leaves the intermediate complex. The free carbene is then able to contribute in another 
catalytic reaction. The role of CO2 during the second oxidation step was further clarified 
with the aid of DFT calculations. Since the benzoin condensation is well known, it was 
not calculated here. Additional alternative pathways were also calculated (see Fig-
ure 24 – 25 in the appendix). 
However, the most realistic pathway is depicted in Scheme 47 and includes the al-
ready mentioned O-carboxylated intermediate B, which transforms the hydroxyl group 
into a good leaving group. This carbonic acid hemiester is prone to a nucleophilic attack 
by DMSO[155] but its prior formation is energetically uphill with 13.9 kcal mol–1 explain-
ing also its instability and the resulting inability to detect it experimentally. The following 
rate-determining step can either proceed stepwise following an SN1 mechanism over 
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intermediate cation C or in a concerted manner as SN2 directly from B to D. Consider-
ing that both the energy of the charged intermediate’s separated ion pair (C; according 
to SN1) and the (gas phase) free energy of the transition state (TSB/D, according to SN2) 
are usually methodically overestimated, it can be assumed that the calculated value of 
29.4 kcal mol–1 provides an upper limit. However, as a rough estimation that value 
aligns well with the experimental time frame of 16 h. Once the intermediate sulfonium 
cation D has formed, deprotonation (E) and fast proton transfer with formation of dime-
thyl sulfide as byproduct (TSE/F) leads to the α-diketone F. Usually, when DMSO is 
used as the oxidant, it needs to be activated by a strong electrophile like oxalyl chloride 
(Swern-type), dicyclohexylcarbodiimide (Pfitzner-Moffatt oxidation) or others.[72–73] In 
contrast to that, it is shown here that CO2 can act as a very mild and sustainable acti-
vating agent for the alcohol substrate and thus replace those cumbersome reagents.  
 
Scheme 47: Calculated pathway of the CO2-promoted oxidation step; B3LYP/def2-
TZVPP, COSMO(DMSO) corrected single point energies relative to furoin A (193b’) in 
kcal mol–1; calculations were carried out by Markus Finger; reproduced by permission 
of The Royal Society of Chemistry.[156] 
A less likely alternative to the calculated mechanism shown in Scheme 47 shall be 
shortly discussed here as well. There are two more possibilities for the reaction step 
from A to B: Either CO2 directly binds in a reversible way to the ketolate anion instead 
of the ketol since a base is already present within the reaction mixture (for calculation 
see appendix),[21] thus slightly changing the calculated energy values. Or the free NHC 
binds to a CO2 molecule to transfer the carboxylate to the hydroxyl group of the ketol 
(or ketolate, respectively). This last step was not calculated because of its complexity 
though. The only observed byproducts were DMS and water while CO2 remained un-
changed. In the end, both NHC and CO2 were able to participate as catalysts in another 
reaction cycle. Thus, by combining experimental evidence and DFT calculations it is 
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justified calling this process “CO2-catalyzed” since CO2 exactly acts as catalyst lower-
ing the activation energy by forming an active intermediate (i.e. hydroxyl moiety as 
better leaving group). 
 
3.2.3 Development of an LED Photo Reaction Setup 
In this section, the self-constructed LED reaction setup (Figure 7) used for the photo-
catalytic reactions of this thesis shall be shortly introduced. In contrast to the more 
complex setups already described in recent publications,[15i,30] this setup is made by 
easily commercially available components and with costs of roughly 50 € per setup. 
    
Figure 7: Self-constructed LED reaction setup. 
The reaction setup consists of a self-constructed LED light source assembly composed 
of a 140 mm crystallizing dish with a commercially available 5 m blue LED strip glued 
to its inside. This LED strip consists of separable LED elements and 3 m of it were 
used per crystallizing dish in total. This leads to a maximum power of 24 W per LED 
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setup. The light intensity and the corresponding actual current power of the light source 
can be adjusted via a self-constructed dimmer. The setup is further cooled down by a 
commercially available 120 mm computer fan directed toward the inside of the crystal-
lizing dish in order to ensure constant room temperature. Furthermore, the dimmer was 
always set to 50% (equates to 12 W) since higher power would lead to a slight increase 
of the reaction temperature and in no case further improvement was observed with 
higher irradiation intensity. During the first experiments, the temperature was moni-
tored in proximity to the actual reaction flasks within the crystallizing dish and did not 
exceed room temperature by more than 5 °C in any case. Thus, ambient temperature 













Figure 8: Emission spectrum of the self-constructed blue LED setup; the spectrum 
was measured by Waldemar Schilling. 
Moreover, an emission spectrum was obtained from this LED setup, depicted in Fig-
ure 8. The maximum emitted wavelength was measured at λmax = 456 nm and the total 







3.2.4 CO2-Catalyzed Dehydrogenation of Amines to Imines 
3.2.4.1 Optimization Studies 
After the application of CO2-catalyzed oxidation methods onto primary and secondary 
alcohol as well as ketol substrates, broadening the scope of substrates to other oxidiz-
able groups was an interesting further target. Primary experiments suggested that      
C–C bond oxidation was out of reach for the mild CO2-catalyzed oxidation due to the 
absent difference in electronegativity. Thus, substrates similar to hydroxyl compounds 
were investigated and indeed, closely related simple aromatically activated amines 
were prone to be oxidized (i.e. dehydrogenated) to the corresponding imine deriva-
tives.[170] However, initial experiments under similar (thermal) reaction conditions com-
pared to the previously presented oxidation methods (cf. chapters 3.2.1 and 3.2.2) 
using N-benzylaniline as model substrate only reached up to about 60% yield. Even 
after extensive screening of the reaction conditions (not shown here) including different 
reaction temperatures ranging from 50 – 100 °C, reaction times up to 48 h, a huge va-
riety of different organic and inorganic bases and the respective base amounts, differ-
ent other solvents and solvent amounts and several additives in different ratios such 
as boron-, lithium- and aluminum-based Lewis acids and so on, the yield could not be 
sufficiently increased. 
 
Figure 9: Photocatalysts used for the optimization of amine oxidation reactions. 
After this mediocre optimization results, a novel pathway for the activation of CO2 as 
soft oxidation promoter was envisioned. Indeed, a more suitable reaction setup was 
found by application of a self-developed LED photochemistry reaction setup, described 
in chapter 3.2.3. With the aid of this LED setup, CO2 can undergo an SET forming a 
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radical species under operationally simple photocatalytic conditions, e.g. the already 
mentioned CO2 radical anion or hydroxyformyl species, in order to improve its reactivity 
as known from literature examples (see chapter 1.3). Notably, the generation of CO2 
radicals usually needs special equipment or strict reaction conditions. However, it is 
also reported that small organic molecules like pyridine are able to trap these CO2 
radicals under relatively mild electro- and photochemical reaction condi-
tions.[105,107,120c,126g,171] 
According to the green and sustainable chemistry approach the herein disclosed re-
search is devoted to, exclusively transition metal-free photocatalysts, depicted in Fig-
ure 9, were examined (Table 5). All of the tested catalysts are cheap, commercially 
available and usually used as stains or dyes. Additionally, none of them exhibits harm-
ful or even toxic properties. 
Again, the dehydrogenation of N-benzylaniline (266a) to N-benzylideneaniline (266b) 
was chosen as model reaction. The examined reaction conditions also aligned with the 
sustainable approach by applying only atmospheric CO2 pressure via a balloon and 
ambient room temperature with irradiation of blue light LEDs consuming only 12 W 
total. Inorganic bases gave generally lower yields, probably due to partial insolubility 
within the reaction medium. Hence, liquid and solvent-miscible organic bases like DBU 
– also being suspected to stabilize CO2 radicals as described above – were chosen as 
bases. DMSO was retained as solvent since the mechanism was expected to be a 
Swern-type mechanism, too. In fact, other solvents led to negligible yields.  
First, during the screening of photocatalysts (PC) eosin Y (D) was found to give the 
highest yield so far with 45%. The efficiency of D used for this oxidation procedure can 
be explained based on the measured emission spectrum of the constructed LED reac-
tion setup (Figure 8): D absorbs incident light at a rather broad range from about 
450 – 550 nm,[29d] which overlaps well with the observed emission spectrum of the self-
constructed LED setup exhibiting an emission range from 404 nm to 553 nm with the 
maximum at 456 nm. 
Second, other organic bases such as the amidine-type TBD and DBN (1,5-diazabicy-
clo[4.3.0]non-5-ene) were examined along with simpler ones like pyridine. DBN was 
found to give 70% of the desired product but by decreasing the DBN amount the yield 
also dropped. Increasing to 1.2 eq yielded 81% N-benzylideneaniline whereas further 
increase to 1.5 eq only resulted in a slightly higher yield of 83%. Thus, by means of 
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atom economy 1.2 eq were taken for further investigations. Similar to the base amount, 
increasing the amount of D from 3 mol% in 1% steps did not improve the yield. Yet, 
decreasing the catalyst loading to 2 mol% or even 1 mol% also decreases the yield 
significantly. Finally, increasing the reaction time from 16 h to 24 h or even 48 h in-
creased the yield to 86% and 96%, respectively. Moreover, since water was expected 
to be a byproduct similar to the reported alcohol oxidation, specially dried DBN (stored 
in dry glassware and over activated molecular sieves) was increasing the yield from 
comparable 86% to 95%.  
Table 5: Optimization table for the oxidation of N-benzylaniline to benzylideneaniline. 
 
PC PC amount / mol% Base Base amount / eq Yield / % 
A 3 DBU 1 16 
B 3 DBU 1 8 
C 3 DBU 1 38 
D 3 DBU 1 45 
E 3 DBU 1 36 
D 3 TBD 1 25 
D 3 pyridine 1 25 
D 3 2,6-lutidine 1 34 
D 3 quinuclidine 1 52 
D 3 DBN 0.5 56 
D 3 DBN 1 70 
D 3 DBN 1.2 81 
D 3 DBN 1.5 83 
D 1 DBN 1.2 23 
D 2 DBN 1.2 43 
D 4 DBN 1.2 82 
D 5 DBN 1.2 84 
D 3 DBN 1.2 86* 
D 3 DBN 1.2 96** 
D 3 dry DBN 0.5 88* 
D 3 dry DBN 1.2 95* 
Reaction conditions: 266a (0.134 mmol), PC (3 mol%), base, DMSO (2.5 mL), CO2 
(balloon), 12 W blue LED, rt, 16 h; yields were determined by GC using n-dodecane 





3.2.4.2 Scope of Substrates 
Albeit specially dried DBN gave slightly higher yields, simple commercially available 
DBN was used for the further exploration of the scope of substrates without prior puri-
fication or drying by means of operational simplicity. 48 h reaction time were chosen 
as tradeoff except for acyclic amines and Hantsch ester-type substrates.  
 
Scheme 48: Scope of substrates of acyclic amines; reaction conditions: substrates 
(0.134 mmol), eosin Y (3 mol%), DBN (1.2 eq; for 279a 2.4 eq), DMSO (2.5 mL), CO2 
(balloon), 12 W blue LED, rt, 16 h; all are isolated yields. 
With these optimized reaction conditions at hand, several substrates with amine moi-
eties in benzylic position each divided by their backbone compounds related to simple 
acyclic benzylic amines (Scheme 48), 1,2,3,4-tetrahydroisoquinoline derivatives 
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(Scheme 49), indoline derivatives (Scheme 52) and substrates of Hantzsch ester-type 
molecules (Scheme 53) were examined. 
First of all, a variety of acyclic amines, (mainly N-benzylaniline derivatives as varieties 
of the model substrate; Scheme 48) underwent the reaction procedure. Notably, the 
respective N-benzylidene products are known to be simply obtained by stirring of the 
respective derivatives of N-benzylamine and benzaldehyde with molecular sieves 
overnight.[5] Nevertheless, high yields of the corresponding imines could be obtained 
with CO2 as oxidation promoter for a diverse spectrum of different functional groups in 
almost quantitative yields in most of the cases.  
 
Scheme 49: Scope of substrates related to 1,2,3,4-tetrahydroisoquinoline; reaction 
conditions: substrates (0.134 mmol), eosin Y (3 mol%), DBN (1.2 eq), DMSO (2.5 mL), 
CO2 (balloon), 12 W blue LED, rt, 48 h; all are isolated yields; Naph = 2-naphthyl. 
Besides non-substituted model substrate 266a, differently substituted acyclic amines 
gave excellent yields, such as N-benzylaniline with mesomerically inducing and elec-
tron-donating ether and thioether moieties or an alkyne group in para position (267b – 
270b). Moreover, electron-withdrawing groups like nitro, fluoro, cyano or hydroxyl 
(274b – 277b) were well tolerated. Even when both electron-withdrawing and -donating 
groups were present at the same substrate, the yield was almost quantitative (271b). 
Additionally, carboxylic and boronic acid esters gave good yields of their respective 
imine products (272b – 273b). When the one-side aliphatic tert-butylbenzylamine 278a 
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was subjected to the reaction setup, 99% yield of the corresponding imine were ob-
tained, thus proving a not necessarily present aromatic activation from both sides of 
the amine moiety. Also substrate 279a could count as one-side aliphatic since both 
imine groups in product 279b are separated by an ethyl moiety. Because double de-
hydrogenation was intended, 2.4 eq of DBN were used for substrate 279a. 
After exploring the scope of substrates regarding acyclic imines, cyclic imines were an 
interesting target because they cannot be synthesized as easily compared to acyclic 
imines as described above. Thus, selective generation of dihydroisoquinolines is more 
challenging without obtaining over-dehydrogenated or over-hydrogenated products 
(depending on the substrate and reaction type; Scheme 49).  
 
Scheme 50: Pictet-Spengler and Bischler-Napieralski reaction. 
Indeed, the developed methodology was able to selectively convert 1,2,3,4-tetrahy-
droisoquinoline derivatives exclusively at their benzylic position between aromatic ring 
and nitrogen heteroatom. This reaction delivered their 3,4-dihydroisoquinoline deriva-
tives without obtaining any fully aromatic byproduct as could be expected otherwise. 
Apart from non-substituted 1,2,3,4-tetrahydroisoquinoline 280a, substrates with elec-
tron-withdrawing bromo and cyano groups as well as electron-donating methoxy and 
ethoxy groups gave excellent yields throughout (281b – 284b). Even when the ring 
size of the alicyclic side was enlarged to a 7-membered ring, a high yield was reached 
(285b). Condensed ring systems reacted well (287b – 288b) and the comparably lower 
yield of substrate 289a could be explained by steric crowding. In case of 2-phenyl-2,3-
dihydroquinoxaline derivative 286a, the doubly dehydrogenated product 286b was 
formed exclusively in quantitative yield. However, the dehydrogenated non-substituted 
CH2 group was not in benzylic position and the base loading was not increased either. 
This phenomenon can be explained by the aromatization as the driving force of this 
reaction toward a conjugated π system of the so-formed product. This aromatization is 
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easier for substrates with two heteroatoms rather than one because of their electron 
lone pairs interfering with the transient intermediate species via inducing especially 
mesomeric effects.  
The substrates (e.g. a derivative of 283a) for this reaction can be synthesized by the 
Pictet-Spengler-type reaction (developed in 1911 and further developed since then[172]) 
via simple addition of an aldehyde to a β-phenethylamine (Scheme 50). Notably, with 
this CO2-catalyzed oxidation method it was possible to selectively obtain several de-
hydrogenated 3,4-dihydroisoquinolines without over-oxidation to the fully aromatic iso-
quinoline derivatives in comparison to other less selective reports.[92d,100–101,173] These 
3,4-dihydroisoquinolines are traditionally synthesized by the Bischler-Napieralski reac-
tion (Scheme 50; already published in 1893[174]). The drawback of this synthesis is the 
use of overstoichiometric amounts of highly toxic phosphoryl chloride. This could be 
overcome by using simple and green CO2 as promoter for the oxidation of 1,2,3,4-
tetrahydroisoquinolines as an environmentally friendly and less toxic pathway toward 
3,4-dihydroisoquinoline derivatives. Even more, the so-obtained products are more 
valuable, e.g. simple non-substituted 3,4-dihydroisoquinoline 280b is about 60 times 
more expensive compared to its respective substrate 280a (prices based on Sigma 
Aldrich).  
 
Scheme 51: Dehydrogenation in non-benzylic position of substrate 290a, related to 
1,2,3,4-tetrahydroisoquinoline; reaction conditions: 290a (0.134 mmol), eosin Y 
(3 mol%), DBN (1.2 eq), DMSO (2.5 mL), CO2 (balloon), 12 W blue LED, rt, 48 h; iso-
lated yield. 
As an additional and more complex substrate 1,2,3,6,7,11b-hexahydro-4H-pyra-
zino[2,1-a]isoquinolin-4-one 290a was tested, and dehydrogenation occurred solely at 
the C–N bond between 1- and 2-position, which was also proven by NMR spectroscopy 
(Scheme 51). 
Since indole derivatives are a common structural motif of natural products (e.g. trypto-
phan and tryptamine alkaloids) and drug molecules (e.g. indometacin), it was an inter-
esting target to synthesize those derivatives by oxidizing indoline derivatives to their 




Scheme 52: Scope of substrates of indoline derivatives; reaction conditions: sub-
strates (0.134 mmol), eosin Y (3 mol%), DBN (1.2 eq), DMSO (2.5 mL), CO2 (balloon), 
12 W blue LED, rt, 48 h; all are isolated yields. 
Albeit the C–N bond within the indole backbone is not in benzylic position, the driving 
force for the aimed reactivity was already observed in case of substrate 286a when 
fully aromatized 286b was obtained. Thus, it can be expected that aromatization would 
happen in case of indoline derivatives although the necessary oxidation would happen 
between 2- and 3-position, i.e. dehydrogenation of a C–C bond to a C=C bond. Indeed, 
under optimized reaction conditions non-substituted indoline (291a) already gave in-
dole in good yield (79%). When substituted indoline derivatives were used, the yield 
was even higher. Regardless of the electron-donating (292b) or -withdrawing nature 
(293b – 294b) of the substituents, yields were almost quantitative throughout. Moreo-
ver, it was possible to obtain a free indole carboxylic acid (295b) and the heterocyclic 
7-azaindole (297b) in excellent yields. Similarly to 286a, 296a was doubly dehydro-
genated as well and thus fully aromatized 9H-pyrido[3,4-b]indole 296b was obtained 
in good yield. Besides, no singly oxidized product was detected, even though the base 
loading was not increased either. Moreover, no byproducts, especially no carboxylation 
of the unprotected nitrogen atoms, were identified in case of indole substrates at all. 
As completion of the scope of substrates, the aromatization of Hantzsch ester deriva-
tives was aimed at. This dehydrogenation reaction is usually known to proceed quickly 
but under influence of stoichiometric oxidants (e.g. Fe(NO3)3[176] and FeCl3[177]). Un-
saturated Hantzsch ester-type molecules are usually synthesized via condensation of 
a β-diketone, an aldehyde and ammonia or a primary or secondary amine.[178] Further 
dehydrogenation of these 1,4-unsaturated compounds leads to pyridine derivatives. 
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As it turned out, this aromatization was also easily achieved via CO2-promoted oxida-
tion (Scheme 53). Both the common ethyl and tert-butyl Hantzsch ester-type mole-
cules (298b – 299b, 301b) and even the diketo analog 300b smoothly underwent the 
reaction procedure. Presence of a substituent in 4-position did not interfere with the 
reactivity, thus methyl and phenyl groups were well tolerated. Quantitative conversion 
was achieved in every case even when the reaction time was shortened to overnight 
reaction (16 h) without formation of any byproduct at all. 
 
Scheme 53: Scope of substrates of Hantzsch ester-type substrates; reaction condi-
tions: substrates (0.134 mmol), eosin Y (3 mol%), DBN (1.2 eq), DMSO (2.5 mL), CO2 
(balloon), 12 W blue LED, rt, 16 h; all are isolated yields. 
Unfortunately, not all of the examined substrates worked as expected (Scheme 54). 
Acyclic amines with a linear aliphatic residue only yielded traces regardless of the chain 
length (302a – 305a) or other substitution at the alkyl chain such as keto or carboxylic 
acid groups (306a – 307a).  In contrast to the successfully converted tert-butylbenzyl-
amine 278a, these results indicate that the branched alkyl moiety is more capable of 
stabilizing possible carbocationic intermediates due to the 2 methyl residues both con-
tributing to a +I effect. The only heterocyclic example of an N-benzylaniline derivative 
(308a) gave only low yield, hence pointing toward electronic issues when heteroatoms 
are present in this kind of substrates. Double dehydrogenation within the same mole-
cule (309a) was also out of reach even after doubling the base amount. When the C–
N bond was not in benzylic position as within N-benzylamine but rather in an aniline-
type molecule, the reaction did not occur at all (310a). Interestingly, albeit based on a 
different (thermal, metal-catalyzed) mechanism, similar problems with substrates like 
302a, 304a and 306a have been described earlier. Yet, the respective authors com-
mented only shortly on electronic and steric effects in general.[93] Also Kamal et al. 
describe the substrate tert-butylbenzylamine 278b as their only one-side aliphatic ex-




Scheme 54: Unsuccessful substrates for the oxidation of amines to imines; reaction 
conditions: substrates (0.134 mmol), eosin Y (3 mol%), DBN (1.2 eq), DMSO (2.5 mL), 
CO2 (balloon), 12 W blue LED, rt, 16 h; *yield estimated by GC-MS. 
In case of 1,2,3,4-tetrahydroisoquinoline derivatives chloro-substitution, even at the 
same position as nitrile and bromo examined beforehand (cf. 281b – 282b), was barely 
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accessible by the optimized reaction conditions (311a). Hydroxyl-substituted 312a 
could not be isolated due to purification issues despite good yield. Substitution at 3-
position with a hydroxymethyl group was actually tolerated (just in contrast to 3-substi-
tution with a carboxylic ester moiety as in case of 317a) but several purification issues 
hindered obtaining the pure corresponding product of 313b. 
1-Substitution hampered the reactivity either due to steric or electronic effects at the 
actually active site (314a – 316a). In case of indoline derivatives, only nitro substituents 
and 2-substitution seem not to be proceeded by the reaction system (318a – 320a). 
Since the driving force of the C–C bond dehydrogenation of indoline derivatives was 
the aromatization of the heterocyclic 5-membered ring, isoindoline derivatives are con-
sequently not reactive at all (321a – 322a). 
Alicyclic amines (323a – 326a) were not part of the investigated scope of substrates 
since most of the examined derivatives were not reactive. Only 325a showed rather 
poor activity, but purification issues prohibited further investigations. When macrocyclic 
substrate 327a was investigated, no product formation was observed via ESI-MS or 1H 
and 13C NMR spectroscopy, even after increasing the base loading to the sixfold 
amount according to the number of potentially oxidizable C–N bonds. Analog to other 
substrates where aromatization played a role as driving force (cf. 286b – 288b, 296b), 
the large fused ring system of 328a underwent oxidation in semiquantitative amounts. 
Yet, purification attempts did not yield the expected product. 
 
3.2.4.3 Application of the Amine Dehydrogenation Synthetic Protocol 
In respect to the scope of substrates of acyclic amines (cf. Scheme 48), it can be 
rationalized that this developed dehydrogenation method could be also applied as a 
reaction step within more complex reaction sequences. Those reaction sequences, 
which are commonly used e.g. for natural product syntheses, usually require water 
and/or acids. Especially because imine groups are prone to hydrolysis, the developed 
CO2-catalyzed method could be useful for a late-stage modification of more complex 
amine structures to imines in a water- and acid-free pathway. Moreover, both imine 
products 269b and 271b are known as useful intermediates during the synthesis of 
pyrrolidinone and piperidinone derivatives, respectively. These are valuable com-
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pounds in medicine, e.g. for urokinase receptor binding studies.[179] Furthermore, acy-
clic imines like the ones shown in Scheme 48 are also used for the synthesis of artificial 
amino acids.[180]  
The partially dehydrogenated 3,4-dihydroisoquinoline derivatives depicted in 
Scheme 49 are known to be used for the synthesis of isoquinoline alkaloids. For in-
stance, the synthesized dimethoxy-substituted derivative 284b was successfully used 
in the literature for the three-step natural product synthesis of the potential antitumor 
agent crispine A and the one-step synthesis of the isoquinoline alkaloid natural product 
berine (Scheme 55).[181] 
 
Scheme 55: Potential literature-known synthesis of crispine A and berine from product 
284b. 
For demonstrating the applicability of the developed mild CO2-catalyzed oxidation 
method, a one-pot reaction was implemented consisting of the condensation of an     
aromatic diamine with an aromatic aldehyde under optimized reaction conditions. This 
was followed up by an in situ aromatization of the so-formed 5- and 6-membered ring, 
respectively (329b – 331b; Scheme 56). The condensation step is literature-known to 
proceed at rt, usually within 24 – 60 h.[182] Under optimized photocatalytic reaction con-
ditions, this step did not only proceeded in shorter time but both steps yielded high 
amounts of desired heteroaromatic compounds within 16 h of total reaction time. Three 
different aldehydes were chosen representing substituted benzaldehyde (329b) and 
aldehydes with 5- as well as 6-membered heteroaromatic backbones derived from fu-




Scheme 56: Condensation of diamine and aldehyde and in situ oxidation to the het-
eroaromatic derivative; reaction conditions: substrates (0.134 mmol), D (3 mol%), DBN 
(1.2 eq), DMSO (2.5 mL), CO2 (balloon), 12 W blue LED, rt, 16 h; all are isolated yields. 
As a final application, the potential of the developed methodology was tested as the 
transition metal-free synthesis and oxidation of pharmaceutically active molecules 
(Scheme 57). For that purpose the psychoactive indole alkaloid harmaline[183] (332a) 
and the calcium channel blocker nifedipine (333a), used for the treatment of angina 
pectoris and hypertension,[184] were oxidized/aromatized within 16 h in good yields.  
 
Scheme 57: reaction conditions: substrates (0.134 mmol), eosin Y (3 mol%), DBN 
(1.2 eq), DMSO (2.5 mL), CO2 (balloon), 12 W blue LED, rt, 16 – 40 h; all are isolated 
yields; *CO2 balloon, **20 mol% CO2. 
The product harmine 332b is a well-known monoamine inhibitor possessing anti-HIV 
and anti-tumor characteristics[183,185] but is also used as an important intermediate in 
drug molecule syntheses as shown in patented processes.[186] The second product 
dehydronifedipine (333b) is the active metabolite of 333a (metabolized in vivo by the 
cytochrome P450 isomers CYP3A4 and CYP3A5) and its actual active agent within 
the organism.[187] Moreover, for specific studies of the metabolistic mechanisms it is 
important to have a mild synthetic pathway for the aromatization and isolation of these 
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Hantzsch ester-type drug molecules.[188] Additionally, these two interesting applications 
of drug molecules were chosen to testify whether catalytic amounts of CO2 were suffi-
cient for an effective transformation. Indeed, both products were obtained in good to 
high yields both with excess (balloon) and catalytic amounts (20 mol%) of CO2. Only 
about 10% difference in yield was observed thus both proving the catalytic nature of 
CO2 within the reaction mechanism and the sustainability of the developed oxidation 
reaction approach. 
 
3.2.4.4 Mechanistic Studies 
Table 6: Mechanistic experiments: different CO2 amounts and control experiments. 
 
Entry Changed reaction parameter Yield / % 
1 0.2 eq CO2 70 
2 1.0 eq CO2 84 
3 CO2 balloon (≈ 500 eq) 96 
4 O2 balloon 5 
5 N2 atmosphere 1 
6 no light 0 
7 no catalyst 0 
8 no base 0 
9 0.2 eq BHT 12 
10 1.0 eq BHT 0 
11 0.2 eq TEMPO 0 
12 1.0 eq TEMPO 0 
13 benzoquinone 2 
Reaction conditions: 266a (0.134 mmol), D (3 mol%), DBN (1.2 eq), DMSO (2.5 mL), 
CO2 (balloon), 12 W blue LED, rt, 48 h; yields were determined by GC using n-dodec-
ane as internal standard. 
After the development of the scope of substrates and highlighting possible applications 
for the synthesized imine products, further investigation of the reaction mechanism was 
of greater interest. The photocatalytic reaction mechanism was expected to exhibit 
several differences compared to the previously reported mechanisms of the CO2-cat-
alyzed alcohol and ketol oxidation, respectively. For this purpose, several experiments, 
listed in Table 6, were conducted to elucidate the role of different reaction parameters. 
First, the role of CO2 had to be clarified. Thus, experiments with different volumetrically 
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measured CO2 amounts (entries 1 – 3; cf. Table 3) were undertaken and it was found 
that catalytic amounts were sufficient while only slightly decreasing the yield. 
Therefore, CO2 is not consumed during the reaction ruling out the possibility of CO2 
being the actual oxidant. Consequently, no reduced products from CO2 like CO, formic 
acid or formate salts were detected either by NMR spectroscopy or in situ gas phase 
GC analysis of the headspace of the reaction. Besides, the latter one also excluded 
the presence of O2 as exogeneous oxidant in the gas phase during the reaction (see 
Figure 27 – 28 in the appendix). Instead, a hint for DMS as a byproduct was found in 
1H NMR spectra suggesting an analogy to the above-described mechanisms and the 
well-known Swern oxidation mechanism. 
Under oxygen and nitrogen atmosphere or under omission of catalyst, base and irra-
diation with blue LEDs only low or no product formation was observed, respectively 
(Table 6, entries 4 – 8). This emphasizes both the important role of CO2 and the irra-
diation with light, hence pointing toward a photochemistry approach rather than thermal 
reaction conditions. Moreover, an experiment under O2 atmosphere again ruled out the 
possibility of traces of oxygen gas being the actual oxidant present in the reaction at-
mosphere. When BHT and TEMPO were applied as radical quenchers, low to no ac-
tivity was observed depending on the added amount of the specific quencher, which 
demonstrates the radical nature of important intermediates (entries 9 – 12). Finally, 
benzoquinone was used as a literature-known reactant intercepting CO2 radical ani-
ons.[24] Especially this latter result triggered the idea of trapping the supposed CO2 
radical anion with DMPO as trapping reagent and subjecting this adduct to electron 
paramagnetic resonance (EPR) spectroscopy (Figure 10). 
The background measurements of DMPO in DMSO (a), optimized reaction conditions 
yet under N2 atmosphere (b) or under CO2 atmosphere but without light irradiation (c) 
with DMPO being present in both cases as well did not show signals within the envi-
sioned magnetic field range. This proves that no background signal from DMPO or 
possible contaminating compounds was obtained and neither radicals were formed 




Figure 10: X-band EPR and background spectra of DMPO+CO2 adducts measured 
under different conditions using DMPO as a trapping agent: (a) N2 atmosphere, 
DMPO/DMSO (54 mM), without light irradiation; (b) N2 atmosphere, DMPO/DMSO 
(54 mM), D (3 mol%), DBN (1.2 eq), 266a (0.134 mmol), blue LED light (18 h);  (c) 
12CO2 atmosphere (balloon), DMPO/DMSO (54 mM), D (3 mol%), DBN (1.2 eq), 266a 
(0.134 mmol), without light irradiation; (d) 12CO2 atmosphere (balloon), DMPO/DMSO 
(5 mM), D (3 mol%), 266a (0.134 mmol), DBN (1.2 eq), blue LED light for 18 h; (e) 
13CO2 atmosphere, DMPO/DMSO (54 mM), D (3 mol%), 266a (0.134 mmol), DBN 
(1.2 eq), blue LED light for 18 h; *distinctive hf lines of 12CO2- and 13CO2-centered sub-
spectra in (d) and (e), respectively; experimental conditions: Bruker ElexSys E500 
CW/Transient X-band EPR spectrometer equipped with the Bruker SHQ (ER4122 
SHQE-W1) resonator, microwave frequency 9.87 GHz, microwave power 20 mW, field 
modulation 1 G, receiver gain 60 dB; conversion time 5.18 ms, 400 and 81 averaged 
scans for (a) – (c) and (d) – (e), respectively; measurements and discussion of EPR 
experiments were done with the help of Igor Tkach. 
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In fact, after blue light irradiation under optimized reaction conditions with CO2 being 
present, several DMPO adducts were formed and could be observed by EPR spec-
troscopy. The spectral lines of those several adducts overlap and assemble the ob-
served EPR spectra. Notably, those radical spectra were only detected when all opti-
mized reaction conditions were fulfilled along with addition of DMPO. All species ex-
hibited partially resolved hyperfine (hf) patterns mainly due to an internal interaction of 
the electron spin with the 14N (I = 1) and β-1H (I = ½) magnetic nuclei, which is a typical 
observation when DMPO is used as spin trap agent.[189] However, the decay times 
associated with the contributing spectra were different, therefore preventing systematic 
follow-up studies. 
Moreover, due to the relatively high viscosity of the reaction mixture (emerging from 
DMSO), correlation times of the observed adducts were prolonged. Hence, anisotropic 
contributions were visible and led to a deviation from isotropic-limit values. This further 
complicates analysis of the contributing subspectra. Thus, exact assignment of possi-
ble adducts is still ambiguous and cannot be resolved without further special studies. 
However, initial examination of the observed spectra revealed that the hf structure of 
one of the subspectra (Figure 10, (d), marked by stars) is in close agreement with the 
previously reported data for DMPO–CO2 radical adducts.[190] 
When the reaction was performed under 13CO2 atmosphere, additional hf line splitting 
occured (Figure 10, (e), marked by stars) as expected by an internal hf interaction with 
the magnetic 13C isotope (I = ½). This observed effect further supports the assumption 
that CO2 species contributed to the observed subspectrum as part of the measured 
overall EPR signal. 
As already mentioned above, DMSO was suspected to be the actual oxidant since a 
hint for DMS was found. Based on this finding, an experiment using di-n-butylsulfoxide 
as solvent instead of DMSO was conducted (Scheme 58) since the so-formed byprod-
uct di-n-butylsulfide was easier to quantify due to its higher boiling point compared to 
DMS (188 °C compared to 37 °C, respectively). Analysis of the reaction mixture via GC 
and GC-MS showed evidence of the solvent being the actual oxidant forming the cor-
responding di-n-butylsulfide. Di-n-butylsulfide was quantified in similar amounts as the 




Scheme 58: Reaction of 266a in di-n-butylsulfoxide as solvent; reaction conditions: 
266a (0.134 mmol), D (3 mol%), DBN (1.2 eq), DMSO (2.5 mL), CO2 (balloon), 12 W 
blue LED, rt, 48 h; yield of 266b was determined by GC using n-dodecane as internal 
standard; amount of (n-Bu)2S was determined via GC-MS. 
Furthermore, the progress of the model reaction was monitored over a total timespan 
of 48 h (Figure 11, (A)). This revealed that more than 80% of the conversion occurs 
within 24 h in an almost linear way with a short induction period during the first 1 – 2 h, 
which is typical for photocatalytic reactions. When the reaction was carried out with 
different concentrations of DBN (B), starting material (C) and catalyst (D), the chosen 
concentrations were plotted against the observed rate constants in a logarithmic way.  






























Equation y = a + b*x
-- Adj. R-Squ 0,90552
Value Std. Err.
Intercept -3,6691 0,43319
Slope 0,89504 0,1427  
    







































Figure 11: Reaction of 266a under optimized reaction conditions: Reaction monitoring 
over 48 h (A), plots for determination of reaction order in respect to DBN (B), 266a (C) 
and eosin Y (D). 
This enabled the determination of the reaction orders revealing 1st reaction order in 






nearly linear increase with base and starting material concentration was observed so 
the respective 1st reaction orders for both cases were not surprising. The calculated 0th 
reaction order regarding the catalyst is also reasonable, since photocatalytic reactions 
are more complex by means of other intermediates being involved in the reaction 
mechanism besides of a simple substrate-catalyst adduct. 
Moreover, a Stern-Volmer plot was generated from results of recording excitation/emis-
sion spectra of eosin Y at its excitation and emission maxima (533 nm and 550 nm, 
respectively) with different amounts of quenchers of the excited state of the photocata-
lyst from the reaction mixture (i.e. substrate 266a and CO2; Figure 12). The fluores-
cence intensity decreased dramatically with increasing amine concentration, but no 
change was observed in case of saturation with CO2. This showed that the catalyst 
firstly reacted with the starting material after its excitation but not with CO2.  





























Equation y = a + b*x
Adj. R-Square 0,9558
Value Std Err.
N-benzylaniline Intercept 1,01246 0,01334
N-benzylaniline Slope 61,6056 5,89764
CO2 Intercept 1
CO2 Slope 4,0172 --
 
Figure 12: Stern-Volmer plot for D with 266a and CO2 as potential quenchers. 
Next, KIE experiments were carried out in order to identify or eliminate the C–H bond 
cleavage as possible rate-determining step as a result of three independent runs each 
(Scheme 59). Using mono- and di-deuterated 280a resulted in a calculated average 
KIE of 1.3 excluding the C–H bond cleavage of the starting material to be the rate-
determining step. Additionally, a hint for D2O as byproduct was found in a 2H NMR 
spectrum recorded from the reaction mixture of 280a-d2 in non-deuterated DMSO (see 




Scheme 59: KIE experiment with mono- and di-deuterated substrate 280a; reaction 
conditions: substrate (0.134 mmol), eosin Y (3 mol%), DBN (1.2 eq), DMSO (2.5 mL), 
CO2 (balloon), 12 W blue LED, rt, 6 h. 
Considering all experimental data mentioned above, DFT and ab initio calculations 
were performed for the dehydrogenation of 280a as model reaction (for computa-
tional details, see chapter 5.3.3). 
Since the presence of CO2 is essential for the reaction to occur, the primary focus was 
laid on the reductive role of CO2 in the mechanism. Thus, by identifying the energeti-
cally most favorable species to be reduced the overall reaction mechanism should be 
revealed. For the calculations, the COSMO-RS solvent model for DMSO was chosen 
to calculate the standard redox potential of five different possible species (Figure 13).  
The reduction of sole CO2 to its radical anion exhibits a substantial calculated redox 
potential of –2.79 V, which is in reasonable agreement with the literature data of              
–2.21 V for its necessary reduction potential.[15i] Since eosin Y has been shown in lit-
erature to overcome only an approximated redox potential of –1.06 V, the relevant re-
action cannot be interpreted with the involvement of a free CO2 radical anion.[29d,191] 
 
Figure 13: Calculated redox potentials of the DBN-related species that may occur in 
the reaction mixture; values are given for single electron reduction; calculations were 
carried out by Oldamur Hollóczki. 
The base DBN was found to have an even higher redox potential of –3.73 V making 
its reduction unlikely as well. However, DBN as a so-called superbase can be proto-
nated in solution, thus decreasing the redox potential significantly. In light of the above-
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mentioned overestimation of the redox potential of CO2, it is possible, although unlikely, 
that the protonated base could be reduced by eosin Y. However, since CO2 is also 
known to act as Lewis acid, it is prone to react with bases in general. The reaction of 
CO2 and DBN to a zwitterionic compound is accompanied by a reaction Gibbs free 
energy of ΔG = –0.5 kcal mol–1. For the resulting adduct, a slightly less negative po-
tential of –2.07 V was found compared with a free CO2 molecule and notably more 
negative compared to protonated DBN. Just like DBN, the DBN–CO2 adduct is also 
prone to undergo protonation, which is once again accompanied with a lower redox 
potential of –1.17 V. The difference between this calculated value and the literature 
data for eosin Y is within the expected error range of the applied computational meth-
ods. Because of that it can be assumed that the CO2 reduction to its radical anion is 
apparently aided by DBN. This is also in good agreement with the experimental proof 
for the base being substantial for the reaction to proceed (see Table 6, entry 8). How-
ever, since DBN is a stronger base than the DBN–CO2 adduct, it is reasonable to 
question the accessibility of DBN–CO2H in the presence of excess DBN. The Gibbs 
free energy difference for a proton transfer from DBNH+ to DBN–CO2 was found to be 
only ΔG = 8.2 kcal mol–1, which is an energy demand that is possible to overcome at 
room temperature. This energy demand is easily compensated within the reduction 
process with ΔG = –9.9 kcal mol–1, which results in the more stable intermediate DBN–
CO2H compared to DBNH+. 
 
Scheme 60: Possible reactions of the amine radical cation with the base and the car-
bon dioxide radical anion; the numbers below the structures are relative Gibbs free 
energies with respect to the amine radical and the free carbon dioxide radical anion; 
calculations were carried out by Oldamur Hollóczki. 
Starting from the amine radical cation, two possible amine radicals can be formed 
through deprotonation by DBN (Scheme 60). However, deprotonation at the nitrogen 
atom is less favorable with a Gibbs free energy of ΔG = 17.8 kcal mol–1 compared to 
deprotonation at the carbon center between the aromatic ring and the nitrogen atom. 
This might be explained by stabilizing mesomeric conjugation of the nitrogen’s lone 
electron pair and the aromatic ring. Since a CO2 radical anion species is present in the 
system, the first assumption was a recombination of the sole CO2 radical anion with 
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the neutral amine radical as first reaction step. This would result in a carboxylate anion 
with a Gibbs free energy of ΔG = –58.0 kcal mol–1 indeed exhibiting a high affinity of 
those two radicals to recombine. However, there seems to be no feasible reaction path 
for this carboxylate anion to further react in a way leading to the desired imine product 
and dimethylsulfide. Consequently, no reasonable intermediates or transition states 
corresponding to a reaction of this anion and DMSO could be calculated. This is in 
distinct agreement with the lack of any evidence for such carboxylate intermediates, 
thus ruling out this anionic adduct of starting material and CO2. 
To summarize all mechanistic experiments and calculations a reasonable reaction 
mechanism was postulated, inspired by the Swern oxidation (Scheme 61): First, CO2 
forms a zwitterionic intermediate with the base (DBN), which is protonated in situ. The 
proton source might be either a previously successful reaction (see deprotonation step 
of the substrate radical cation) or present water. This protonated cationic intermediate 
can undergo reduction by a photocatalyst radical cation as calculated previously. Sim-
ultaneously, the catalyst eosin Y is energetically elevated to an excited state via visible 
blue light irradiation. This excited state can undergo SET with the amine substrate A 
forming a substrate radical cation and a photocatalyst radical anion. This photocatalyst 
radical anion reacts back to its ground state while reducing the protonated CO2–DBN 
adduct to a neutral radical species.  
Meanwhile, the cationic radical amine substrate is deprotonated with the aid of DBN to 
neutral radical amine intermediate B. Then, B reacts with DMSO to (1,2,3,4-tetrahy-
droisquinoline-1-yl)oxyl (C) while directly releasing byproduct DMS in agreement with 
the observed reduction of the S=O bond with di-n-butylsulfoxide (cf. Scheme 58). The 
evaporation of DMS from the reaction mixture further shifts the energetics of this step 
in a manner that it becomes more likely. During the next step, C reacts with the neutral 
radical CO2–DBN adduct to the non-radical carbonic acid hemiester intermediate D, 
which is energetically highly favorable. D can then decompose to CO2, water and the 
product in a thermodynamically favored step (ΔG = ‒6.1 kcal mol–1). Both CO2 and by-
product water were experimentally detected by 2H NMR and in situ gas phase GC 
measurements, respectively. From a thermodynamic point of view, it should be noted, 
that the formation of intermediates B and C is slightly energetically uphill (in compari-
son to A). However, this energetic input can be probably delivered at room temperature 
while the strongly lower energetic level of D and E make up for this energy input. Along 
with the increase in entropy when the slightly energetically higher E is formed from D, 
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both water as the second byproduct and CO2 as catalyst are released. Moreover, when 
amine radical B is formed, it is infolded by DMSO molecules while the DBN–CO2 rad-
ical adduct has to diffuse through the solvent for recombination with C. Despite the 
high affinity of amine radical B to a CO2 radical species, it is possible that B immedi-
ately reacts with DMSO.  
 
 
Scheme 61: Proposed reaction mechanism; DLPNO-CCSD(T)/def2-TZVPP, COSMO-
RS (DMSO) corrected single point energies relative to A in kcal mol–1; calculations 











4 Summary and Outlook 
In summary, finding mild reaction procedures for the fixation and other valorization of 
the greenhouse gas CO2 was highly successful regarding the initial aim. This utilization 
was also covered by finding suitable applications such as the formation of drug mole-
cules and valuable intermediates for potential further syntheses. 
At first, carbamates were generated by an unprecedented and simple method using 
cheaper carbonate bases and an alkyl halide in high yields with high selectivity and an 
excellent functional group tolerance. This method was also suitable for the simple and 
metal-free derivatization of drug molecules and the highly chemoselective protection 
of amino acids and peptides. For this, the well-established CBz protecting group was 
formed from CO2 and benzylbromide, thus replacing the toxic benzylchloroformate as 
commonly used protecting agent. Even though this is a great step toward greener syn-
theses, the limitations of this method were also discussed. Moreover, the major draw-
back is the use of harmful alkyl halides and the formation of equimolar amounts of 
alkali metal halides byproducts. The use of alcohols instead, as published by De Vos 
et al.,[41b] or other greener reactants could solve this issue. However, initial attempts 
using different alcohols did not succeed under optimized reaction conditions so far 
making further research necessary to resolve this drawback. 
Second, CO2 was successfully employed as oxidation promoter during the oxidation of 
general primary and secondary alcohols to their corresponding carbonyl compounds. 
Furthermore, the oxidation of ketols to diketone products and the oxidation of amines 
to imines was accessible. Albeit the reaction pathway was changed from electron pair 
chemistry to radical chemistry in case of amine oxidation, all three are based on the 
renowned Swern oxidation using DMSO as actual oxidant yet replacing the toxic oxalyl 
chloride with CO2. Regarding the general oxidation of primary and secondary alcohols, 
a vast number of aromatically activated substrates was successfully converted in 
mostly high yields exhibiting a good functional group tolerance. Especially the high 
yields obtained from large scale reactions were delightfully observed. Those reactions 
yielded veratraldehyde (61b) as key intermediate for a number of drug molecule syn-
theses. Additionally, the actual synthesis of two drug molecules was enabled starting 
from 3,4,5-trimethoxybenzaldehyde (60b). Along with that, the metal-free homologa-
tion of α,β-unsaturated aldehydes was demonstrated as a proof of concept. Moreover, 
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the detailed mechanistic studies provided insight in the suspected role of CO2. Never-
theless, for in-depth information about the general scope of substrates, more research 
should be done. 
Especially the different ambiguous effects of substitution pattern and the inductive and 
mesomeric effects of the substituents grafted onto the aromatic moiety could be a trig-
ger for further studies. For instance, some improvement could be sustained when sin-
apyl alcohol (Scheme 62) would be used instead of coniferyl alcohol 120a. Sinapyl 
alcohol has higher inductive effects owing to two methoxy groups in 3- and 5-position 
(cf. 58a, 60a – 62a). In addition, sinapyl alcohol can be obtained from biomass as a 
precursor of lignin, thus strengthening the sustainable approach of this method. Since 
cinnamyl alcohol substrates are well tolerated by this procedure, it would be interesting 
to subject vinyl alcohols to the optimized reaction conditions. 
In case of successful oxidation reactions, the products could be further used e.g. for 
conducting a Baylis-Hillman reaction. This Baylis-Hillman reaction could employ a sim-
ple base in catalytic amounts such as DABCO, DBU or DMAP[192] with a second car-
bonyl substrate (generated by this method) yielding an α-hydroxyvinylcarbonyl. This 
resulting product exhibits a tertiary alcohol functional group, which is not prone to fur-
ther oxidation as displayed in Scheme 62. However, the aza-Baylis-Hillman reaction 
with amines instead of alcohols should not work under these conditions since the 
amine substrate would be carboxylated in situ. This chapter was completed with mech-
anistic studies about the presented novel CO2-catalyzed oxidation process. 
 
Scheme 62: Sinapyl alcohol as alternative substrate for alcohol oxidation and possible 
application of vinyl alcohol substrates for the Baylis-Hillman reaction. 
After also successfully oxidizing ketol substrates under optimized conditions, it was 
nearby to test, whether those substrates could be generated in situ via benzoin con-
densation and further oxidized to the corresponding diketones. Delightfully, the chosen 
cheap NHC catalyst was well tolerated under similar reaction conditions. After slight 
modifications of the reaction conditions, a suitable catalytic system was found that was 
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able to provide α-diketones directly from simple and cheap aromatic aldehydes. Nota-
bly, attempts to first oxidize primary alcohols to their respective aldehydes, which then 
undergo benzoin condensation and further oxidation (as a three-step one-pot reaction) 
failed. The reason might be the different reaction conditions compared to the previous 
oxidation method. Thus, the first oxidation step did not occur already. Changing the 
reaction conditions after the first step might achieve this envisioned three-step reaction 
but with the prize of a rather uncomely three-step two-pot reaction. Further optimization 
as a goal of follow-up research in that regard might offer another solution though. Re-
garding the scope of substrates, homocoupled products were obtained in high yields 
and with good functional group tolerance. In contrast to that, heterocoupling was more 
difficult and generated more byproducts since one substrate had to be added in 1.5 
equivalents. Consequently, the excess of one substrate facilitated the homocoupling 
of this respective aldehyde. Besides, homocoupled byproducts were observed in any 
of those cases as byproduct also from the aldehyde employed in lower amounts. How-
ever, application of particularly expensive obtained products showed a sustainable 
metal-free way for the synthesis of relevant drug molecules and heterocyclic scaffold 
intermediates for further syntheses. Detailed mechanistic investigations completed 
those studies. 
Finally, after changing attention from the oxidation of C–O to C–N bonds, the different 
nature of the substrates forced the application of a new reaction setup, which has its 
roots in photochemistry for the above-mentioned reasons. With this new reactivity ap-
plied to the CO2-catalyzed Swern-type oxidation reactions, it was possible to oxidize a 
vast number of simple acyclic benzylic amines. Among them, 1,2,3,4-tetrahydroiso-
quinoline and indoline derivatives as well as Hantzsch ester-type substrates with a 
large spectrum of different functional groups were successfully oxidized. Double oxi-
dation or C–C bond dehydrogenation were observed in some cases due to full aroma-
tization of the final product. However, one-side aliphatic substrates were not well toler-
ated in general as in case of alcohol oxidation despite the new reaction mechanism. 
Further screening of photocatalysts (i.e. different redox potentials) and light sources 
could possibly overcome this. Applications were shown in terms of the condensation 
of diamines and aldehydes with in situ aromatization to heteroaromatic scaffolds and 
the modification of drug molecules. Detailed mechanistic studies showed evidence for 
a CO2 radical species. Besides, further EPR studies, e.g. with different other (isotope-
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labeled) spin traps or other measurement parameters, would be needed to make un-
ambiguous statements about the radical species involved. 
Regarding the noble aims postulated in the beginning it can be legitimately said that 
the herein presented research results may indeed help for the utilization of CO2 in both 
ways, either as its utilization on the way or as its direct fixation. Of course, it would be 
reasonable to first utilize it as a catalyst and then fixate it afterwards. This strategy 
would accomplish a double benefit of CO2 besides the fact of reducing its emissions 
into the atmosphere. Especially the disclosed CO2-catalyzed reactions are rather a 
proof of concept yet, so further research should be undertaken in order to translate 


















5.1 Materials and Methods 
Unless otherwise stated, commercial reagents were used without purification and re-
actions were run under CO2 atmosphere with exclusion of moisture from reagents and 
solvents using standard techniques for manipulating air-sensitive compounds. 
1H NMR spectra (300, 400 and 500 MHz) and 13C NMR spectra (75.58, 100.62 and 
125.71 MHz) were recorded using Bruker spectrometers AVANCE III 300, AVANCE III 
HD 400, AVANCE III 400, AVANCE III HD 500 and Varian spectrometers Mercury VX 
300, VNMRS 300 and Inova 500 with CDCl3 and DMSO-d6 as solvents. NMR spectra 
were calibrated using solvent residual signals (CDCl3: δ 1H = 7.26, δ 13C = 77.16; 
DMSO-d6: δ 1H = 2.50, δ 13C = 39.52). 
ESI mass spectra were recorded on Bruker Daltonic spectrometers maXis (ESI-QTOF-
MS) and micrOTOF (ESI-TOF-MS). GC-MS mass spectra were recorded on Thermo 
Finnigan spectrometers TRACE (Varian GC Capillary Column; wcot fused silica coated 
CP-SIL 8CB for amines; 30 m x 0.25 mm x 0.25 µm) and DSQ (Varian FactorFour Ca-
pillary Column; VF-5ms 30 m x 0.25 mm x 0.25 µm). Citations at measured GC-MS 
data throughout chapter 5.4 refer to the mention of theses compounds in the literature 
(checked by SciFinder). Gas chromatography was performed on an Agilent Technolo-
gies chromatograph 7890A GC System (Supelcowax 10 Fused Silica Capillary Col-
umn; 30 m x 0.32 mm x 0.25 µm). GC calibrations were carried out with authentic sam-
ples and n-dodecane as an internal standard. In situ gas phase GC measurements of 
the headspace of the reactions were conducted by a Shimadzu GC-2014 equipped 
with a TCD detector and a ShinCarbon ST 80/100 Silco column. 
Absorption-emission spectra were recorded on a Jasco FP-8500 Spectrofluorometer 
and UV/Vis spectra were recorded on a Jasco V-770 Spectrophotometer. The emis-
sion spectrum of the self-constructed LED reaction setup was recorded by an Ocean 
Optics Flame-T equipped with a P200-5-UV-Vis probe. 
pH values were obtained from a SCHOTT pH-Meter CG818 equipped with a Mettler 
Toledo InLab Routine glass electrode stored in 3 M KCl solution (Mettler Toledo) and 
calibrated with  buffer solutions of pH 4 (citrate/HCl, Grüssing GmbH) and pH 7 




5.2 Reaction Procedures 
5.2.1 Reaction Procedures Regarding the Synthesis of Carbamates From CO2  
A 10 mL two-necked flask containing a stirring bar was charged with 0.5 mmol sub-
strate and 0.75 mmol of base. After purging the flask thrice with vacuum and two times 
with nitrogen, the CO2 atmosphere was incorporated through a CO2-filled balloon. Af-
terwards, dry DMSO (2.5 mL) was added. In case of a liquid substrate, this was added 
after the purging. The resulting mixture was stirred for 16 – 48 h at rt – 50 °C. Subse-
quently, 0.6 mmol of alkyl halide were added under inert gas conditions and the mixture 
was stirred for additional 2 – 4 h at rt. Then, the resulting mixture underwent an aque-
ous workup and was extracted thrice with excess of DCM or EA and the combined 
organic layers were dried over anhydrous Na2SO4, filtered and concentrated in vacuo. 
In general, products were purified by using silica gel chromatography with EA and n-
hexane as solvents and, if needed, 1 V% Et3N. 
 
Synthesis of Peptides: 
 
Scheme 63: General synthesis of peptides. 
4 mmol of N-boc-phenylalanine were dissolved in 10 mL chloroform in a 25 mL round 
bottom flask and cooled to –20 °C (Scheme 63). 4 mmol of N-methylmorpholine and 
4.3 mmol of iso-butyl chloroformate were added and the resulting mixture was stirred 
for 10 min at –20 °C. After then, 4 mmol of amino acid ester hydrochloride were added 
into the round bottom flask, followed by quick addition of 4 mmol of N-methylmorpho-
line. The reaction mixture was kept at –20 °C for 1 h and then stirred at rt overnight 
(16 h). After finishing the reaction, the reaction mixture was washed with 2M HCl solu-
tion and 1 mol% NaHCO3 solution in a separatory funnel. The organic layer was dried 
over anhydrous Na2SO4 and then concentrated in vacuo. Afterwards, purification was 





Removal of the Boc Protecting Group: 
Directly to the reaction mixture (1 g) in 10 mL DCM, 10 mL of TFA were added. The 
resulting mixture was then stirred at rt for 2 h, after which it was concentrated in vacuo: 
The crude mixture was partitioned between saturated aqueous NaHCO3 and EA and 
the combined organic layers were dried over Na2SO4 and concentrated in vacuo. Af-
terwards, purification was done by silica gel column chromatography with EA, n-hex-
ane and 1 V% Et3N. 
 
5.2.2 Reaction Procedures Regarding the CO2-Catalyzed Oxidation of Benzylic 
and Allylic Alcohols 
A 10 mL two-necked flask containing a stirring bar was charged with 0.25 mmol sub-
strate and 0.05 mmol of anhydrous K3PO4 (20 mol%; stored in glove box). After purg-
ing the flask thrice with vacuum and two times with nitrogen the CO2 atmosphere was 
incorporated through a CO2-filled balloon. Afterwards, dry DMSO (2.5 mL) was added. 
The resulting mixture was stirred for 48 h at 90 °C (the progress can be monitored via 
GC-MS or TLC). Then, the resulting mixture underwent an aqueous workup (using 
distilled water; or brine in case of slurry phase separation) and was extracted thrice 
with EA. The combined organic layers were dried over anhydrous Na2SO4, filtered and 
concentrated in vacuo. Products were purified via silica gel chromatography with EA 
and n-hexane as solvents (typically 20:80 EA:n-hexane). 
 
Procedure for the Synthesis of Combretastatin A4 (190b): 
 
Scheme 64: Synthesis of combretastatin A4 (190b). 
The synthesis of product 190b was done according to the literature (Scheme 64).[148b] 
13.83 mmol (2.14 g) of 3-hydroxy-4-methoxy benzyl alcohol and 13.52 mmol (4.64 g) 
111 
 
of triphenylphosphine hydrobromide were refluxed under a nitrogen atmosphere in dry 
ACN (40 mL) for 6 h. After cooling to rt, the solvent was removed in vacuo to gain the 
phosphonium salt, which was taken for the next step without further purification. 
After that 5 mmol 3,4,5-trimethoxy benzaldehyde (984.1 mg, 0.6 eq, to phosphonium 
salt) and 8.4 mmol KOH (468.3 mg, 1.0 eq) were added to the phosphonium salt 
(8.4 mmol, 4 g), dissolved in ethanol (100 mL) and refluxed for 10 h. After cooling to rt 
distilled water was added to the reaction mixture and the crude product was extracted 
with EA. To remove remaining impurities purification was done via column chromatog-
raphy (50:50 EA:n-hexane). 
 
Procedure for the Synthesis of DMU-212 (191b): 
 
Scheme 65: Synthesis of DMU-212 (191b). 
The first step of the synthesis of product 191b was done according to the literature 
(Scheme 65).[194] To a solution of 5 mmol (0.63 mL) of 4-methoxy benzyl alcohol in 
20 mL diethylether 6 mmol (0.57 mL) of phosphorus tribromide were added dropwise 
at 0 °C and stirred for 30 min. The solvent was removed in vacuo and the crude 4-
methoxy benzyl bromide was taken for the next step without further purification.  
The second and third step were done according to another literature-known reac-
tion.[148a] 5 mmol (1005.3 mg) of the crude 4-methoxy benzyl bromide were dissolved 
in dry dichloromethane under a nitrogen atmosphere. 5 mmol triethylphosphane 
(0.74 mL) were added at 0 °C and the resulting mixture was stirred at rt for 1 h. The 
solvent was removed in vacuo to yield the crude phosphonium salt, which was taken 
for the next step without further purification. 
5 mmol 4-methoxybenzyl-triethylphosphonium bromide (1190.5 mg) were stirred with 
2 mL distilled water for 15 min at rt. After that 20 mmol NaOH (797.6 mg) and after 2 
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more minutes 4.8 mmol of 3,4,5-trimethoxy benzaldehyde (934.5 mg) were added. Af-
ter vigorous stirring for 3 h at 70 °C and cooling to rt water was added to the mixture 
and stirred for additional 10 min. The pure solid product was obtained through suction 
filtration and washing with distilled water until the product became a white solid. 
 
Procedure for the Synthesis of Homologated Aldehyde Product 192b via 192b I and 
192b II: 
 
Scheme 66: Synthesis of homologated aldehyde 192b via 192b I and 192b II. 
The first and second step were done according to the literature (Scheme 66).[151] 
5 mmol cinnamaldehyde (0.63 mL) were dissolved in 16 mL dry THF under a nitrogen 
atmosphere. At 0 °C, 6 mL of a 1M solution of vinyl magnesium bromide in THF were 
added dropwise and stirred for 30 min. After that, the mixture was allowed to warm to 
rt and stirred for 2 h. The reaction was quenched with saturated NH4Cl solution and 
extracted with EA (4x75 mL). The organic layers were combined, dried over anhydrous 
Na2SO4 and the solvent was removed in vacuo. The crude product was purified via 
column chromatography using EA:n-hexane (20:80) as solvents to yield 95% of 1-phe-
nylpenta-1,4-dien-3-ol (192b I). 
4.75 mmol 1-phenylpenta-1,4-dien-3-ol (761.1 mg) were dissolved in 10.5 mL of dry 
1,4-dioxane under a nitrogen atmosphere. 94 mL of degassed Milli-Q water were 
added and the resulting mixture was stirred vigorously at 100 °C for 1 h. After cooling 
to rt, brine was added and the crude product was extracted with EA (3x100 mL). The 
organic layers were combined and dried over anhydrous Na2SO4 and the solvent was 
removed in vacuo. The crude product was purified via column chromatography using 
EA:n-hexane (50:50) as solvents to yield 90% of 5-phenylpenta-2,4-dien-1-ol (192b II). 
The third step followed our own oxidation protocol: 4.2 mmol 5-phenylpenta-2,4-dien-
1-ol (672.9 mg) and 0.84 mmol anhydrous K3PO4 (178.3 mg, 20 mol%; stored in glove 
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box) were stirred at 90 °C under a CO2 atmosphere in 42 mL dry DMSO for 72 h. Dis-
tilled water was added to quench the reaction and the crude product was extracted 
thrice with EA. The organic layers were combined and dried over anhydrous Na2SO4 
and the solvent was removed in vacuo. The crude product was purified via column 
chromatography using EA:n-hexane (20:80) as solvents to yield 95% of 5-phenylpenta-
2,4-dienal (192b). 
 
5.2.3 Reaction Procedures Regarding the CO2-Assisted Synthesis of α-
Diketones From Aldehydes 
General procedure for the synthesis of symmetric α-diketones: 
A 10 mL two-necked flask containing a stirring bar was charged with 0.5 mmol sub-
strate, 10 mol% of 3-ethyl-5-(2-hydroxyethyl)-4-methylthiazolium bromide and 
0.75 mmol of K2CO3. After purging the flask thrice with vacuum and two times with 
nitrogen the CO2 atmosphere was incorporated through a CO2-filled balloon. After-
wards, dry DMSO (2.5 mL) was added. The resulting mixture was stirred for 16–48 h 
at 55 °C. Then, the resulting mixture underwent an aqueous workup and was extracted 
thrice with excess of EA, after which the combined organic layers were dried over an-
hydrous Na2SO4, filtered and concentrated in vacuo. In general, products were purified 
by using silica gel chromatography with EA and n-hexane as solvents and, if needed, 
1 V% Et3N. 
 
General procedure for the synthesis of non-symmetric α-diketones: 
A 10 mL two-necked flask containing a stirring bar was charged with 0.25 mmol of one 
substrate and 0.375 mmol of the other substrate: In case of compound 208b – 211b, 
213b – 214b, 216b and 218b – 219b, 0.25 mmol of 2-furfuraldehyde (193a) was taken; 
for compound 212b, 4-methyl benzaldehyde, for compound 215b, 5-methyl furfuralde-
hyde and for compound 217b 2-pyridine carboxaldehyde were taken in 0.25 mmol 
amounts. Additionally, 10 mol% 3-ethyl-5-(2-hydroxyethyl)-4-methylthiazolium bro-
mide and 0.75 mmol of K2CO3 were loaded into the flask. After purging the flask thrice 
with vacuum and two times with nitrogen, the CO2 atmosphere was incorporated 
through a CO2-filled balloon. Afterwards, dry DMSO (2.5 mL) was added. The resulting 
mixture was stirred for 36–48 h at 55 °C. Then, the resulting mixture underwent an 
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aqueous workup and was extracted thrice with excess of EA and the combined organic 
layers were dried over anhydrous Na2SO4, filtered and concentrated in vacuo. In gen-
eral, products were purified by using silica gel chromatography with EA and n-hexane 
as solvents and, if needed, 1 V% Et3N. 
 
Procedures for the Application of 4,4’-Dichlorobenzil (198b): 
 
Scheme 67: Synthesis of 258b from 198b. 
This synthesis was conducted according to the literature-known procedure 
(Scheme 67):[163a] 
1) 4,4’-Dichlorobenzil (0.5 mmol, 198b) was mixed with thiosemicarbazide (1 mmol) in 
7 mL ethanol. The mixture was refluxed for 40 h. The solvent was removed under vac-
uum and the product was dissolved in dichloromethane, then the organic layer was 
washed with water and dried with Na2SO4, filtered and the solvent was removed in 
vacuo to yield the crude product, which was purified by column chromatography to give 
48% of 5,6-bis(4-chlorophenyl)-1,2,4-triazine-3-thiol. 
2) To a stirring solution of 5,6-bis(4-chlorophenyl)-1,2,4-triazine-3-thiol (0.09 mmol) in 
methanol (5 mL), methyl iodide (0.108 mmol), and Et3N (0.65 mmol) were added and 
the mixture was stirred for 2 h at rt. The solvent was removed under reduced pressure. 
Water and DCM were added to the mixture. The organic phase was separated, dried 
over Na2SO4, filtered and evaporated under reduced pressure and the residue was 





Scheme 68: Synthesis of 259b from 198b. 
This synthesis was conducted according to the literature-known procedure 
(Scheme 68):[163c] 
1) To a solution of 3-(bromomethyl)-biphenyl (7,12 mmol), Fe(CO)5 (3,73 mmol) and 
benzyltriethylammonium chloride (0,237 mmol) in 17 mL DCM a solution of KOH 
(30,8 mmol) in 1 mL water was added and the mixture was refluxed overnight. After 
cooling to rt, the mixture was quenched with 1M HCl and the organic phase was con-
centrated in vacuo. The crude product was first purified by column chromatography 
and then dissolved in DCM and reprecipitated by addition of methanol to give 38% of 
1,3-di(biphenyl-3-yl)propan-2-on. 
2) To a degassed solution of 4,4’-dichlorobenzil (0,22 mmol, 198b) and 1,3-di(bi-
phenyl-3-yl)propan-2-on (0,22 mmol) in tert-butanol (2,3 mL) at 80 °C a methanol so-
lution of tetrabutylammonium hydroxide (1.0 M, 0.22 mmol) was added. After stirring 
at 80 °C for 20 min, the reaction was quenched with water and the reaction mixture 
was extracted thrice with DCM. The combined organic layers were washed with brine, 
dried over Na2SO4, filtered and evaporated to give a purple crude product. Purification 





Scheme 69: Synthesis of 260b from 198b. 
This synthesis was conducted according to the literature-known procedure 
(Scheme 69).[163b] 
1) Cyclohexylthiourea (0,58 mmol) and 4,4’-dichlorobenzil (0,52 mmol, 198b) were 
heated up to 110 °C in 3 mL DMSO. Then, a solution of KOH (0,8 mmol) in 1.6 mL 
water was added dropwise and the mixture was stirred for 10 min. After cooling to rt, 
the product was extracted with DCM. The organic phase was washed with water and 
dried over anhydrous Na2SO4. The solvent was removed under reduced pressure and 
the resulting crude product was used for the next reaction step without further purifica-
tion. 
2) To a solution of 5,5-bis(4-chlorophenyl)-2-thioxoimidazolidin-4-one (0,5 mmol), 
2.8 mL NH3 (40% solution in water) and 0.7 mL hydroperoxide (70% solution in water) 
were added. The reaction mixture was stirred at rt overnight. The crude product was 
extracted with DCM and the solvent was removed under reduced pressure. After col-
umn chromatography, the product was obtained in 55% yield (after two steps). 
 
Procedures for the Application of Furil (193b): 






Scheme 70: Synthesis of 223b from 198b. 
A solution of o-phenylenediamine (0.25 mmol) and furil (0.25 mmol, 193b) in etha-
nol:water (7:3, 2.5 mL) was stirred at rt in the presence of catalytic amount of phenol 
(20 mol%, 0.05 mmol). The progress of the reaction was monitored by TLC (EA: n-
hexane 5:95). After completion of the reaction, water (5 mL) was added to the mixture 
and was allowed to stand at rt for 30 min. During this time, crystals of the pure product 
were formed which were collected by filtration and dried. For further purification, the 
product was recrystallized from hot ethanol to yield 90% of 2,3-di(furan-2-yl)quinoxa-
line 261b. 
 
Scheme 71: Synthesis of 262b from 193b. 
This synthesis was conducted according to the literature-known procedure 
(Scheme 71).[166] 
0.53 mmol of furil (193b) was dissolved in 1 mL of methanol and was made homoge-
neous by stirring with a magnetic spinning bar. To this 0.53 mmol of ethylene diamine 
and 0.0212 mmol tBuOK were added. Stirring was continued until the reaction is com-
pleted (checked by TLC, 15 h). Methanol was evaporated under reduced pressure, 
and the crude product was purified by column chromatography yielding 77% of 5,6-
di(furan-2-yl)-2,3-dihydropyrazine 262b. 
 
Scheme 72: Synthesis of 263b from 193b. 




To a solution of furil (0.275 mmol, 193b) in 1.5 mL dry DMA, CuI (0.0826 mmol) and 
4 Å molecular sieves (140 mg) were added after it. Finally, benzylamine (0.826 mmol) 
was added in two portions and stirring was continued for 21 h. After that, the reaction 
mixture was extracted with EA, dried with anhydrous Na2SO4 and filtered. Then, the 
solvent was removed under reduced pressure and the product was purified by silica 
gel column chromatography to afford 53% of 4,5-di(furan-2-yl)-2-phenyloxazole 263b.  
 
Scheme 73: Synthesis of 264b from 193b. 
This synthesis was conducted according to the literature-known procedure 
(Scheme 73):[168] 
1) 1 mmol of furil (193b) and 1 mmol of 4-nitrobenzene-1,2-diamine were dissolved in 
10 mL ethanol and refluxed for 63 h. The solvent was removed under reduced pres-
sure and recrystallization gave 2,3-di(furan-2-yl)-6-nitroquinoxaline in 60% yield. 
2) 0.592 mmol of 2,3-di(furan-2-yl)-6-nitroquinoxaline and 12 mg of Pd/C (5%) were 
loaded into a two-necked flask. After purging the flask thrice with vacuum and twice 
with nitrogen, the flask was filled with an H2 atmosphere via a balloon (1 atm pressure) 
and 3.5 mL ethanol were loaded. The reaction mixture was stirred at rt for 16 h. After 
that, the reaction mixture was dissolved in DCM and filtered through a plug of cotton. 
The solvents were removed under reduced pressure to yield 92% of pure 2,3-di(furan-
2-yl)quinoxalin-6-amine. 
3) 0.527 mmol of 2,3-di(furan-2-yl)quinoxalin-6-amine, 0.79 mmol of 1-bromo-4-isocy-
anatobenzene and 1.58 mmol of N-ethyl-N-isopropylpropan-2-amine were dissolved in 
15 mL DCM and stirred for 48 h at rt. The resulting mixture was treated with water. The 
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aqueous phase was extracted thrice with dichloromethane. The combined organic lay-
ers were dried with anhydrous Na2SO4, filtered and the solvent removed under reduced 
pressure. The product 264b was purified by column chromatography in 58% yield. 
 
Scheme 74: Synthesis of 265b from 193b. 
This synthesis was conducted according to the literature-known procedure 
(Scheme 74).[196] 
Furil (0.254 mmol), benzaldehyde (0.254 mmol), and ammonium acetate (0.588 mmol) 
were dissolved in 2 mL 2,2,2-trifluoroethanol and refluxed for 8 h. During that time, a 
precipitation of light-yellow crystals occurred gradually. The mixture was cooled to rt 
and the precipitate was filtered. The crude product was purified by column chromatog-
raphy (EA, n-hexane) to yield 4,5-di(furan-2-yl)-2-phenyl-1H-imidazole 265b in 82% 
yield. 
 
5.2.4 General Reaction Procedure Regarding the CO2-Catalyzed Dehydrogena-
tion of Amines to Imines 
A 10 mL two-necked flask containing a stirring bar was charged with 0.134 mmol sub-
strate. After purging the flask thrice with vacuum and two times with nitrogen the CO2 
atmosphere was incorporated through a CO2-filled balloon. Afterwards dry DMSO 
(2.5 mL) and DBN (1.2 eq, 0.16 mL of a 1 M solution in dry DMSO) were added. The 
resulting mixture was stirred for 48 h at irradiation of visible blue light. The progress 
can be monitored via GC-MS or TLC. Then, the resulting mixture underwent an aque-
ous workup (using distilled water; or brine in case of slurry phase separation) and was 
extracted thrice with EA. The combined organic layers were dried over anhydrous 
Na2SO4, filtered and concentrated in vacuo. Products were purified via silica gel chro-






5.3 Mechanistic Details 
5.3.1 Mechanistic Details Regarding the CO2-Catalyzed Oxidation of Benzylic 
and Allylic Alcohols 
In situ Gas Phase GC: 
An in situ gas GC measurement of the headspace of a reaction from cinnamyl alcohol 
to cinnamaldehyde was carried out after 48 h reaction time (Figure 14). The curve is 
indicating that there is no other gas than CO2. The source of N2 gas is the front part of 
the needle of the used gas-tight syringe; 7.5 min: N2, 29.5 min: CO2. 
 
Figure 14: In situ gas phase GC measurement; measured by the working group of 
Prof. Inke Siewert. 
 
Oxidation of Cinnamyl Alcohol with 18O-Labeled DMSO: 
Synthesis of 18O-labeled DMSO was done according to literature procedures 
(Scheme 75):[197] 
 
Scheme 75: Synthesis of 18O-labeled DMSO. 
1) First, dimethylsulfur dibromide was prepared by dropwise addition (ca. 30 min) of 
7.2 mL Br2 (132 mmol) to a stirred solution of 9.7 mL dimethyl sulfide (132 mmol) in 
120 mL CCl4 at 0 °C. The resulting mixture was stirred for additional 2 h at rt. The 
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yellow-orange product was collected by filtration and washed with cold CCl4 to give 
26 g yellow product after drying in vacuo. 
2) 6.25 g Me2SBr2 (28.1 mmol) were added in 2 portions (10 min interval) to a stirred 
solution of 7.9 mL Et3N (56.3 mmol) and 0.25 mL 18O-labeled water (13.8 mmol; 97% 
18O) in 19 mL dry THF at 0 °C. The precipitate was removed by filtration and washed 
thrice with diethylether. The solvents of the organic solution were removed by distilla-
tion and the dark brown residue was dried in vacuo to give 0.5 g DMS18O. 
MS (GC-MS): m/z calcd. for C2H618O [M+]: 80.13, found: 80.16. 
The reaction of cinnamyl alcohol and 18O-labeled DMSO was conducted according to 
the general reaction procedure described in chapter 5.2.2 (Scheme 76).  
MS (ESI): m/z calcd. for C9H818O [M+H+]: 135.0690, found: 135.0688. 
 
Scheme 76: Synthesis of 18O-labeled DMSO. 
 
Kinetic Studies: 
In general, the kinetic experiments were done according to the general reaction proce-
dure described in chapter 5.2.2 but with varying concentrations of cinnamyl alcohol or 
K3PO4 or different temperatures as depicted in Table 7 – 9. Samples (as whole reac-
tion mixtures, no aliquots) were taken after the indicated timespan and analyzed via 
GC with n-dodecane as internal standard. The obtained values were plotted as product 
concentration against the time at different concentrations of starting material and base 








Table 7: Different     Table 8: Different         Table 9: Different 
concentrations of     concentrations of         temperatures 
cinnamyl alcohol     K3PO4 
 
 
c(SM0) / M c(P) / M t / h  c(K3PO4) / mM c(P) / M t / h  T / °C t / s c(P) / mM 
0.031 0.001 2.0  4.7 0.0086 2.0  30 7200 0.000 
0.031 0.002 4.0  4.7 0.0145 4.1  30 15000 0.004 
0.031 0.002 6.3  4.7 0.0260 6.4  30 22200 0.009 
0.031 0.003 8.0  4.7 0.0287 8.3  30 30000 0.020 
0.031 0.004 9.8  9.3 0.0162 2.0  50 7200 0.580 
0.062 0.011 2.0  9.3 0.0222 4.1  50 15000 0.599 
0.062 0.011 4.0  9.3 0.0287 6.4  50 22200 0.619 
0.062 0.013 6.3  9.3 0.0308 8.3  50 30000 0.666 
0.062 0.014 8.0  18.6 0.0193 2.0  70 7200 1.245 
0.062 0.016 9.8  18.6 0.0231 4.3  70 15000 1.428 
0.093 0.021 2.0  18.6 0.0264 6.0  70 22200 1.706 
0.093 0.023 4.3  18.6 0.0307 8.0  70 30000 2.089 
0.093 0.025 6.0  18.6 0.0390 10.0  90 7200 19.302 
0.093 0.026 8.0  46.5 0.0155 2.0  90 15300 22.742 
0.093 0.029 10.0  46.5 0.0250 4.1  90 21600 25.119 
0.186 0.035 2.0  46.5 0.0280 6.4  90 28800 28.429 
0.186 0.038 4.0  46.5 0.0309 8.3  90 36000 31.056 
0.186 0.042 6.3  93.0 0.0088 2.0  110 7200 27.866 
0.186 0.045 8.0  93.0 0.0207 4.1  110 15000 33.998 
0.186 0.046 9.8  93.0 0.0242 6.4  110 22200 44.091 
0.124 0.031 2.0  93.0 0.0345 8.3  110 30000 50.048 
0.124 0.033 4.0         
0.124 0.036 6.3         
0.124 0.038 8.0         




Figure 15: Product concentration plotted against reaction time at different cinnamyl 
alcohol concentrations; for each data point a separate reaction was conducted using 
different concentrations of cinnamyl alcohol (0.031 mol L–1, 0.062 mol L–1,    
0.093 mol L–1 0.124 mol L–1, 0.186 mol L–1) with constant concentrations of K3PO4 
(18.6 mmol L–1) in 2.5 mL DMSO at 90 °C under a CO2 atmosphere (balloon) and sub-
mitted to GC analysis with n-dodecane as internal standard after the indicated 
timespan. 
 
Figure 16: Product concentration plotted against reaction time at different K3PO4 con-
centrations; for each data point a separate reaction was conducted using different con-
centrations of K3PO4 (4.65 mmol L–1, 9.3 mmol L–1, 18.6 mmol L–1, 46.5 mmol L–1, 
93.0 mmol L–1) with constant concentration of cinnamyl alcohol (0.0931 mol L–1) in 
2.5 mL DMSO at 90 °C under a CO2 atmosphere (balloon) and submitted to GC anal-
ysis with n-dodecane as internal standard after the indicated timespan. 
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Figure 17: Product concentration plotted against reaction time at different tempera-
tures; for each data point a separate reaction was conducted using a constant concen-
tration of K3PO4 (18.6 mmol L–1) with constant concentration of cinnamyl alcohol 
(0.0931 mol L–1) in 2.5 mL DMSO at different temperatures (30 °C, 50 °C, 70 °C, 
90 °C, 110 °C) under a CO2 atmosphere (balloon) and submitted to GC analysis with 
n-dodecane as internal standard after the indicated timespan. 
With the slopes of these curves we were now able to plot the logarithmic concentration 
of starting material and base, respectively, against the logarithmic observed rate con-
stant kobs (Figure 18 – 20). 
 
Figure 18: ln(kobs) against ln(cSM); standard error: 0.09754. 
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Figure 19: ln(kobs) against ln(cbase); standard error: 0.2654763. 
 
Figure 20: Arrhenius-Eyring plot; ln(k/T) against 1/T; standard error: 0.4516807. 
From the slope and the intercept of the Arrhenius-Eyring plot the activation enthalpy 
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with 𝑅 being the universal gas constant, 𝑘𝐵 the Boltzmann constant and ℎ Planck’s 
constant. 
 


































Details Regarding DFT Calculations:  
All DFT calculations were performed within the Turbomole 7.0[198] program pack-
age. The molecular structures were optimized using the B3LYP[199] functional com-
bined with Grimme’s dispersion correction with Becke-Johnson damping (D3(BJ))[200], 
applying increased convergence criteria (10-8 H in total energy and 10-4 au in in 
the maximum norm of the Cartesian gradient) and a fine integration grid (m4 in 
Turbomole convention). Ahlrich’s revised all electron basis sets were utilized 
throughout.[201] No symmetry restrains were imposed and the optimized structures 
were defined as minima (no negative eigenvalue) or transition states (one negative 
eigenvalue) by vibrational analyses at the D3(BJ)-B3LYP/def2-TZVP level of theory. 
Additionally, the nature of the located transition states was confirmed by displacement 
of the structures along the vibration mode that represents the reaction coordinate fol-
lowed by full structure optimizations. Conformers of the different structures have been 
fully evaluated and the ones with the lowest single point energies chosen. 
To account for solvent energies, the (free) energies have been evaluated by single 
point calculations in the optimized structures applying the same method (D3(BJ)-
B3LYP) but a slightly larger basis set (def2-TZVPP) and the conductor-like screening 
model (COSMO)[202] (ε = 47 for DMSO). Implicit solute-solvent interactions by hydro-
gen bonds were evaluated by structure optimizations with an additional DMSO mole-
cule attached to the acidic proton. However, in most cases the entropic loss was larger 
than the energy gain. Only for the ester intermediate A, the molecule was stabilized by 
0.7 kcal mol–1 (11.3 vs. 12.0 kcal mol–1; Figure 21). 
The free energies have been obtained by ideal gas statistical mechanics (100 kPa, 
363.15 K) and corrected to standard solution conditions (1 mol L–1, 363.15 K) by:  




𝐺𝑠𝑜𝑙 = 𝐺𝑔𝑎𝑠 + 𝑅𝑇𝑙𝑛(30.19) 
𝐺𝑠𝑜𝑙 = 𝐺𝑔𝑎𝑠 + 2.46 kcal/mol 
The G value of the DMSO molecule has been further corrected by applying the actual 
concentration in the pure solvent which is ( = 1.095 g mL–1 (25 °C),             
c = 14.02 mol L–1): 
𝐺′𝑠𝑜𝑙 = 𝐺𝑠𝑜𝑙 + 𝑅𝑇𝑙𝑛𝑐 
𝐺′𝑠𝑜𝑙 = 𝐺𝑠𝑜𝑙𝑣 + 1.91 kcal/mol 
127 
 
The actual density of DMSO will be lower at 90 °C. However, the error is small 
(< 0.2 kcal mol–1). That gives an overall correction factor of 4.37 kcal·mol–1 for DMSO. 
The final energies were calculated by adding the single point energy and the corrected 
free energy (G) from the vibrational analyses at the D3(BJ)-B3LYP/def2-TZVP level, 
containing the zero point energy, thermal and entropic corrections (Figure 38). 
 













































Table 11: xyz coordinates of the calculated structures. 
CO2 
3 
Energy = -188.5873351766 
C     0.0263438    0.0000000   -0.0000019  
O    -1.1336183   -0.0000000    0.0000010  




Energy = -553.1643118688 
S    -2.4490823    0.8662338    0.7785258  
131 
 
C    -4.0711733    0.8491649   -0.0413156  
H    -4.5684120   -0.1046256    0.1385877  
H    -4.6509970    1.6592503    0.3980458  
H    -3.9315131    1.0270240   -1.1078957  
C    -1.7127882   -0.4680965   -0.2120012  
H    -0.6774732   -0.5619199    0.1116910  
H    -2.2455428   -1.4022814   -0.0308038  
H    -1.7500047   -0.1898030   -1.2654936  




Energy = -76.42649010690 
O    -0.0123480    0.0000000    0.0000000  
H     0.5724125   -0.7651042    0.0000000  




Energy = -264.4578056723 
C    -1.7856041    1.1151180   -0.0000032  
O    -1.0866106    2.1302468    0.0000026  
O    -1.0293467   -0.1224951   -0.0000027  
H    -1.7319142   -0.7838111    0.0000194  




Energy = -477.9618981180 
S    -2.4458118    0.8794646    0.7211457  
C    -4.0915630    0.8692625   -0.0363943  
H    -4.5919425   -0.0864035    0.1258530  
H    -4.6711673    1.6567829    0.4439215  
H    -4.0325182    1.0764765   -1.1057791  
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C    -1.6847998   -0.4753365   -0.2104033  
H    -0.6640110   -0.5825795    0.1547148  
H    -2.2187426   -1.4123503   -0.0462765  




Energy = -424.1129256105 
C    -4.1359144    1.7346637   -0.1465728  
C    -2.7482233    1.7836281   -0.1605508  
C    -2.0637455    2.9984506   -0.0430740  
C    -2.8209937    4.1707306    0.0840252  
C    -4.2053678    4.1236961    0.0986673  
C    -4.8711212    2.9055772   -0.0158489  
H    -4.6421238    0.7819577   -0.2383515  
H    -2.1790458    0.8670633   -0.2627295  
H    -2.3232975    5.1277075    0.1682373  
H    -4.7714599    5.0414778    0.1974035  
H    -5.9530418    2.8731698   -0.0053823  
C    -0.5988470    2.9885793   -0.0561450  
H    -0.1526363    2.0081423   -0.2078154  
C     0.2259401    4.0277690    0.0923776  
H    -0.1594361    5.0283197    0.2626443  
C     1.7147068    3.9084251    0.0757978  
H     2.0089444    2.8736738   -0.1388164  
H     2.1462381    4.5450602   -0.7004496  
O     2.3045308    4.3681361    1.2949218  




Energy = -612.6993213762 
C    -4.1820534    1.8194585   -0.3500521  
C    -2.7950233    1.8156111   -0.4138443  
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C    -2.0516338    2.9553041   -0.0884493  
C    -2.7471522    4.1081691    0.2991240  
C    -4.1307246    4.1134379    0.3639582  
C    -4.8559584    2.9691980    0.0403064  
H    -4.7354758    0.9246597   -0.6053467  
H    -2.2731485    0.9158223   -0.7176361  
H    -2.2029278    5.0095598    0.5478679  
H    -4.6495678    5.0147220    0.6653292  
H    -5.9371986    2.9779015    0.0904915  
C    -0.5908011    2.8889079   -0.1640099  
H    -0.1968945    1.9453544   -0.5335164  
C     0.2831175    3.8405243    0.1660343  
H    -0.0474625    4.7961610    0.5580377  
C     1.7510889    3.6818537    0.0012392  
H     2.0162633    2.6858928   -0.3546777  
H     2.1666098    4.4146537   -0.6943764  
O     2.3703439    3.9015471    1.2980151  
C     3.6994549    3.8935460    1.2981232  
O     4.1274147    4.1167469    2.5538523  
H     5.0940449    4.1003178    2.5188991  




Energy = -1165.887210638 
C    -3.2964336    2.5512087    2.0161118  
C    -2.0581382    2.2735001    1.4524798  
C    -1.2137358    3.3005515    1.0167409  
C    -1.6517138    4.6234116    1.1680170  
C    -2.8864756    4.9019919    1.7308717  
C    -3.7156830    3.8675153    2.1580598  
H    -3.9335346    1.7393841    2.3433026  
H    -1.7351151    1.2449452    1.3429730  
H    -1.0234358    5.4416152    0.8416752  
H    -3.2074278    5.9305959    1.8371351  
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H    -4.6801613    4.0890472    2.5964157  
C     0.0909096    2.9505658    0.4521414  
H     0.3225776    1.8882178    0.4608276  
C     1.0104897    3.7828864   -0.0372969  
H     0.8276477    4.8516673   -0.0716346  
C     2.3528555    3.3402109   -0.5051300  
H     2.4111375    2.2545177   -0.6008828  
H     2.6311222    3.7833769   -1.4615582  
O     3.3015070    3.7766192    0.4987821  
C     4.6209249    3.7179287    0.1374083  
O     5.4017243    4.0840264    1.1310128  
H     4.9012106    4.2985778    1.9685368  
O     4.9957253    3.3739157   -0.9496237  
S     2.9667485    4.5400231    4.0991808  
C     1.8682054    5.5567329    3.0831011  
H     0.8355597    5.3918407    3.3910856  
H     2.1512053    6.5933472    3.2574132  
H     2.0166367    5.2865100    2.0406043  
C     2.3094741    2.9241356    3.6186967  
H     2.9172821    2.1777057    4.1273923  
H     1.2727659    2.8503267    3.9477296  
H     2.3887763    2.8178006    2.5394907  




Energy = -1165.806004892 
C    -4.3693581   -0.7563266   -0.2825551  
C    -3.0613604   -1.2000469   -0.4199851  
C    -1.9964976   -0.5036609    0.1647239  
C    -2.2865817    0.6451314    0.9159299  
C    -3.5929536    1.0853840    1.0541704  
C    -4.6400920    0.3915577    0.4523397  
H    -5.1781041   -1.3107947   -0.7419427  
H    -2.8544045   -2.1010391   -0.9861226  
135 
 
H    -1.4870248    1.1751632    1.4164341  
H    -3.7994361    1.9673609    1.6472851  
H    -5.6594779    0.7365779    0.5687982  
C    -0.6318826   -0.9840906   -0.0316306  
H    -0.5426395   -1.9951483   -0.4207165  
C     0.4830269   -0.2848280    0.2255435  
H     0.4607479    0.7169001    0.6348923  
C     1.8315924   -0.7706476   -0.0864168  
H     1.9795267   -1.8420381   -0.0404302  
H     2.6210051   -0.1852124    0.3552764  
O     1.7415506   -0.7805328    2.4120152  
C     2.0417989    0.3876777    2.7452417  
O     2.2571063    0.5629439    4.1078841  
H     2.4825413    1.4980789    4.1977009  
O     2.1674347    1.4017106    2.0231347  
S     0.9149388   -0.3614927   -2.6264136  
C     0.3926308    1.3615023   -2.6041337  
H    -0.2103700    1.5394303   -3.4950399  
H    -0.2045544    1.5051369   -1.7079203  
H     1.2784664    1.9945171   -2.5876579  
C     1.8303814   -0.3702491   -4.1728193  
H     2.2872709   -1.3532666   -4.2644776  
H     1.1226999   -0.2082496   -4.9854385  
H     2.5934870    0.4055004   -4.1504963  




Energy = -348.0168387884 
C    -4.1336695    1.7204870   -0.1534489  
C    -2.7596304    1.7328741   -0.2113013  
C    -2.0426632    2.9552878   -0.0776506  
C    -2.7690504    4.1643135    0.1156708  
C    -4.1406702    4.1390396    0.1714683  
C    -4.8219868    2.9214498    0.0377435  
136 
 
H    -4.6792787    0.7926018   -0.2543529  
H    -2.2075296    0.8132891   -0.3586116  
H    -2.2451892    5.1036538    0.2190589  
H    -4.6981495    5.0537796    0.3182973  
H    -5.9038141    2.9125643    0.0837151  
C    -0.6464602    2.9095276   -0.1417445  
H    -0.2027779    1.9290529   -0.2927439  
C     0.2609607    3.9878817   -0.0323903  
H    -0.1046235    4.9948848    0.1190085  
C     1.5909501    3.7618584   -0.1159324  
H     1.9849708    2.7634328   -0.2669754  




Energy = -348.0081372317 
C    -4.1089497    1.6893742    0.1073493  
C    -2.7510883    1.7493641   -0.0980639  
C    -2.0997487    3.0089919   -0.2408346  
C    -2.8880020    4.1957150   -0.2553764  
C    -4.2462845    4.1197339   -0.0636772  
C    -4.8539178    2.8726327    0.1295598  
H    -4.6017683    0.7362075    0.2402024  
H    -2.1568228    0.8446842   -0.1184682  
H    -2.4229437    5.1441298   -0.4817359  
H    -4.8523269    5.0148608   -0.0906466  
H    -5.9264687    2.8222307    0.2698989  
C    -0.7074817    3.0132138   -0.3608775  
H    -0.2462313    2.0534932   -0.5812497  
C     0.1900222    4.1081316   -0.2348718  
H     1.1459786    4.0056895   -0.7382477  
C    -0.0071678    5.1663577    0.5787064  
H    -0.8730233    5.2428541    1.2230625  





Energy = -901.2186970242 
C    -4.3143351    2.0043733    0.3907144  
C    -2.9851256    1.9949293    0.7856286  
C    -2.0939422    2.9776604    0.3347179  
C    -2.5741392    3.9759311   -0.5263390  
C    -3.8998868    3.9842840   -0.9200826  
C    -4.7739493    2.9991584   -0.4630863  
H    -4.9903585    1.2392895    0.7486329  
H    -2.6268945    1.2203649    1.4531009  
H    -1.9104102    4.7497977   -0.8884007  
H    -4.2596991    4.7594729   -1.5836951  
H    -5.8107140    3.0112896   -0.7729079  
C    -0.7126592    2.9142853    0.7810382  
H    -0.4878132    2.0800025    1.4416076  
C     0.2898259    3.7597114    0.4907483  
H     0.1401057    4.6168739   -0.1536245  
C     1.6311288    3.5759725    1.0484410  
H     2.1062779    4.5000186    1.3770832  
H     1.6681888    2.8211310    1.8312163  
O     2.5189640    3.0477809   -0.0980925  
S     4.0885848    3.0104074    0.1714617  
C     4.4886185    1.3019358   -0.1874602  
H     5.5750286    1.2062379   -0.1770889  
H     4.0567265    0.6974012    0.6081385  
H     4.0741302    1.0289654   -1.1564867  
C     4.7281269    3.8356691   -1.2831770  
H     4.4631302    4.8879306   -1.1970780  
H     5.8130483    3.7242833   -1.2782244  




Energy = -901.2164171700 
C    -0.6648848   -0.9546812    3.4913025  
138 
 
C    -0.2997183   -1.2308129    2.1806558  
C     0.1661524   -0.2115842    1.3514090  
C     0.2520927    1.0929444    1.8430999  
C    -0.1251739    1.3694333    3.1477716  
C    -0.5794595    0.3454900    3.9740809  
H    -1.0161098   -1.7515345    4.1331310  
H    -0.3660021   -2.2443968    1.8037653  
H     0.6019657    1.8962674    1.2075754  
H    -0.0604382    2.3814047    3.5248269  
H    -0.8652750    0.5628258    4.9948078  
C     0.5680742   -0.5382342   -0.0444142  
H     0.4654212   -1.6050385   -0.2375795  
C     1.8967986   -0.0415482   -0.4899955  
H     2.1396325    0.9868120   -0.2473769  
C     2.7753746   -0.8152354   -1.1189418  
H     2.5616974   -1.8547032   -1.3408519  
H     3.7509849   -0.4462252   -1.4073224  
S    -0.4623503   -0.1986368   -2.4776514  
C    -2.2130926   -0.2629645   -2.8437944  
H    -2.3213213   -0.3432338   -3.9258150  
H    -2.6071027   -1.1555787   -2.3617052  
H    -2.6970486    0.6338865   -2.4609993  
C    -0.0048084    1.3651756   -3.2241768  
H     1.0422819    1.5364658   -2.9839845  
H    -0.1277226    1.2648946   -4.3033102  
H    -0.6378727    2.1555466   -2.8242959  




Energy = -900.8099755487 
C    -4.3095885    2.4227104    0.8630399  
C    -2.9353670    2.4418583    1.0613349  
C    -2.0721494    3.0012490    0.1126193  
C    -2.6370678    3.5451015   -1.0488730  
139 
 
C    -4.0077642    3.5282003   -1.2478795  
C    -4.8526247    2.9664965   -0.2935961  
H    -4.9556871    1.9833918    1.6127342  
H    -2.5168919    2.0170291    1.9662199  
H    -1.9988274    3.9870932   -1.8024904  
H    -4.4229388    3.9552917   -2.1522804  
H    -5.9232458    2.9546909   -0.4529762  
C    -0.6315120    2.9961195    0.3775908  
H    -0.3452628    2.5574878    1.3302950  
C     0.3404085    3.4598199   -0.4092133  
H     0.1150615    3.9215718   -1.3647068  
C     1.7873258    3.3963344   -0.0581404  
H     1.9254262    2.9188280    0.9187572  
H     2.3325953    2.7954182   -0.8024189  
O     2.3024390    4.7242185   -0.0449162  
S     4.0769337    4.7529936    0.0511525  
C     3.9864402    6.5484856    0.1500659  
H     5.0015517    6.9300552    0.0769183  
H     3.3702238    6.9080697   -0.6691886  
H     3.5369221    6.8215674    1.1029506  
C     4.7435072    4.2966574    1.4522215  
H     5.1469884    3.2956175    1.4773159  




Energy = -900.7966385411 
C    -4.0731829   -1.4063922   -0.0655082  
C    -2.7192263   -1.2616166   -0.3376773  
C    -2.0724476   -0.0290083   -0.1846425  
C    -2.8389546    1.0588176    0.2575711  
C    -4.1900326    0.9169224    0.5288392  
C    -4.8168019   -0.3167431    0.3691350  
H    -4.5474726   -2.3715366   -0.1936884  
H    -2.1442544   -2.1146478   -0.6783235  
140 
 
H    -2.3720652    2.0258047    0.3925311  
H    -4.7607892    1.7724117    0.8687538  
H    -5.8725973   -0.4242899    0.5827981  
C    -0.6440527    0.0617791   -0.4890856  
H    -0.1635651   -0.8640680   -0.7897658  
C     0.1264535    1.1511079   -0.4538594  
H    -0.2780996    2.1204866   -0.1756893  
C     1.5956438    1.1287764   -0.7447471  
H     1.9263280    2.0210972   -1.3052914  
H     2.0900880    1.3731281    0.3334346  
O     2.1237862   -0.0070195   -1.1650554  
S     3.2437685   -0.7604315    0.5958077  
C     4.7417345   -0.5250215   -0.3784724  
H     5.6067055   -0.8711250    0.1852698  
H     4.6136413   -1.1078158   -1.2873378  
H     4.8344692    0.5259979   -0.6397063  
C     3.1115431    0.6076075    1.4986395  
H     2.4472473    0.5632409    2.3494681  




Energy = -422.9144610987 
C    -4.0519476    1.7071043    0.0016229  
C    -2.6672690    1.7946302    0.0012910  
C    -2.0223976    3.0379008   -0.0007510  
C    -2.8115651    4.1973036   -0.0029374  
C    -4.1929553    4.1100910   -0.0028269  
C    -4.8191905    2.8653293   -0.0004492  
H    -4.5315945    0.7367868    0.0033571  
H    -2.0693765    0.8910655    0.0028014  
H    -2.3399572    5.1707494   -0.0051463  
H    -4.7880416    5.0143268   -0.0047039  
H    -5.8997785    2.8019987   -0.0003638  
C    -0.5666853    3.0736321   -0.0006850  
141 
 
H    -0.0834044    2.0989332   -0.0035753  
C     0.2341994    4.1510931    0.0029406  
H    -0.1419550    5.1671725    0.0067346  
C     1.6855784    3.9972351    0.0024861  
H     2.0404049    2.9438484   -0.0017685  























5.3.2 Mechanistic Details Regarding the CO2-Assisted Synthesis of α-Diketones 
From Aldehydes 
In situ Gas Phase GC: 
Gas phase GC measurements of the headspace of a reaction from furfurladehyde to 
furil were conducted. In the middle of the reaction time (8 h; Figure 22) and in the end 
(16 h; Figure 23) the curves are same. The source of N2 gas is the front part of the 
needle of the used gas-tight syringe. The signal at 7.5 minutes can be assigned to N2 
gas and the one at 29.5 minutes to CO2. 
 
Figure 22: In situ gas phase GC measurements after 8 h reaction time; measured by 
the working group of Prof. Inke Siewert. 
 
Figure 23: In situ gas phase GC measurements after 16 h reaction time; measured by 
the working group of Prof. Inke Siewert. 
Datafile Name:04012017.gcd






























Details Regarding DFT Calculations:  
All DFT calculations were performed within the Turbomole 7.0[198] program pack-
age. The molecular structures were optimized using the B3LYP[199] functional com-
bined with Grimme’s dispersion correction with Becke-Johnson damping (D3(BJ))[200], 
applying increased convergence criteria (10-8 H in total energy and 10-4 au in in 
the maximum norm of the Cartesian gradient) and a fine integration grid (m4 in 
Turbomole convention). Ahlrich’s revised all electron basis sets were utilized 
throughout.[201] No symmetry restrains were imposed and the optimized structures 
were defined as minima (no negative eigenvalue) or transition states (one negative 
eigenvalue) by vibrational analyses at the D3(BJ)-B3LYP/def2-TZVP level of theory. 
Additionally, the nature of the located transition states was confirmed by displacement 
of the structures along the vibration mode that represents the reaction coordinate fol-
lowed by full structure optimizations.  
To account for solvent energies, the (free) energies have been evaluated by single 
point calculations in the optimized structures applying the same method (D3(BJ)-
B3LYP) but a slightly larger basis set (def2-TZVPP) and the conductor-like screening 
model (COSMO)[202] (ε = 47 for DMSO). We find that the energy loss in the formation 
of charged species is largely compensated by the COSMO correction. The final ener-
gies were calculated by adding the single point energies with the zero-point vibrational 
energy (ZPVE) or the free energy (G) that were obtained from the vibrational analyses 
at the D3(BJ)-B3LYP/def2-TZVP level. Conformers of the different structures have 
been fully evaluated and the ones with the lowest single point energies chosen. 
Two alternative pathways were identified as described below: 
a) Activation of DMSO by CO2 
Nucleophilic attack of DMSO at CO2 does not occur if not accompanied by a proton 
shift from one methyl group of DMSO to CO2. The transitions state for this reaction has 
been located but is rather high in energy (50.2 kcal/mol) compared to the energies of 
the path presented in the text. Scans of the possible reaction of DMSO with the CO2–





Figure 24: Evaluated pathways for the reaction between DMSO and CO2. 
b) DMSO as hydride acceptor 
Frequently, DMSO has been suggested to act as a hydride acceptor. To evaluate this 
possibility, we have calculated the thermodynamic hydricities (∆GH-) for the theoretical 
reaction: 
AH  A+ + H– 
as:  ∆GH-(AH) = G(A+) + G(H–) – G(AH) 
The energy of the hydride ion was obtained from its SCF energy using H = ESCF + 
5/2RT (1.48 kcalmol–1 at 298.15 K) while the free energies for the rest were calculated 
as described above. This approach is rather crude but should be valid for a compara-
tive study. 
According to the results shown in Figure 25, hydride transfer to DMSO is uphill and 
therefore not expected to take place. On the other hand, for entropic reasons (release 
of CO2), the carboxylate ester is indeed a better hydride donor than the hydroxyl com-
pound (lines 1 and 2), possibly explaining the mediating effect of CO2. However, the 
best hydride donor would be the deprotonated hydroxyl compound (line 3). All in all, 
even when we neglect that DMSO should not act as hydride acceptor, the calculated 






















Figure 25: Calculated thermodynamic hydricities of possible intermediates in the oxi-
dation step. 
 (a) (b)  
Figure 26: Structures of the transition states of (a) the direct subtitution of HCO3– by 





Table 12: xyz coordinates of the calculated structures. 
CO2 
3 
Energy = -188.5873351766 
C     0.0263438    0.0000000   -0.0000019  
O    -1.1336183   -0.0000000    0.0000010  




Energy = -553.1643118688 
S    -2.4490823    0.8662338    0.7785258  
C    -4.0711733    0.8491649   -0.0413156  
H    -4.5684120   -0.1046256    0.1385877  
H    -4.6509970    1.6592503    0.3980458  
H    -3.9315131    1.0270240   -1.1078957  
C    -1.7127882   -0.4680965   -0.2120012  
H    -0.6774732   -0.5619199    0.1116910  
H    -2.2455428   -1.4022814   -0.0308038  
H    -1.7500047   -0.1898030   -1.2654936  




Energy = -76.42649010690 
O    -0.0123480    0.0000000    0.0000000  
H     0.5724125   -0.7651042    0.0000000  




Energy = -264.4578056723 
C    -1.7856041    1.1151180   -0.0000032  
O    -1.0866106    2.1302468    0.0000026  
147 
 
O    -1.0293467   -0.1224951   -0.0000027  
H    -1.7319142   -0.7838111    0.0000194  




Energy = -477.9618981180 
S    -2.4458118    0.8794646    0.7211457  
C    -4.0915630    0.8692625   -0.0363943  
H    -4.5919425   -0.0864035    0.1258530  
H    -4.6711673    1.6567829    0.4439215  
H    -4.0325182    1.0764765   -1.1057791  
C    -1.6847998   -0.4753365   -0.2104033  
H    -0.6640110   -0.5825795    0.1547148  
H    -2.2187426   -1.4123503   -0.0462765  





Energy = -686.6472290993 
C    -3.5627286    1.4418544    0.0846460  
C    -2.3303366    1.6779968    0.6041957  
C    -1.9787988    3.0125146    0.2294400  
C    -3.0224789    3.4920387   -0.4914487  
O    -3.9972178    2.5520470   -0.5933501  
H    -1.7443205    0.9780212    1.1711225  
H    -1.0678443    3.5370115    0.4640894  
H    -3.2170870    4.4294059   -0.9821674  
C    -4.5338766    0.3251008    0.1321351  
H    -5.1123468    0.3455763   -0.7985103  
C    -3.8919758   -1.0673861    0.2666069  
148 
 
C    -4.8176034   -2.2010200    0.1766515  
C    -4.6125426   -3.5454167    0.2860313  
O    -6.1485171   -1.9641562   -0.0835770  
C    -5.8735492   -4.1717038    0.0860097  
H    -3.6629137   -4.0120833    0.4838894  
C    -6.7661607   -3.1688635   -0.1327366  
H    -6.0907304   -5.2262986    0.1002239  
H    -7.8237312   -3.1515500   -0.3312922  
O    -2.7117145   -1.2634642    0.4598144  
O    -5.4201529    0.5121666    1.2507841  





Energy = -875.2325822909 
C    -3.7646459    1.5567458    0.1894496  
C    -3.8998356    2.6050503    1.0380098  
C    -2.7081161    3.3870625    0.8977008  
C    -1.9404192    2.7502075   -0.0192377  
O    -2.5746537    1.6300841   -0.4680145  
H    -4.7392212    2.7939574    1.6846394  
H    -2.4626168    4.2991925    1.4149297  
H    -0.9741590    2.9473109   -0.4479545  
C    -4.6118833    0.3816054   -0.1280993  
H    -4.5476729    0.1574850   -1.1953161  
C    -4.2283392   -0.8851761    0.6693456  
C    -4.9666478   -2.1005883    0.3485190  
C    -4.9266625   -3.3543366    0.8912482  
O    -5.8777542   -2.0758805   -0.6771399  
C    -5.8602562   -4.1411667    0.1658915  
149 
 
H    -4.2967478   -3.6560332    1.7104344  
C    -6.4040577   -3.3153012   -0.7716097  
H    -6.0975719   -5.1807473    0.3155399  
H    -7.1407345   -3.4590838   -1.5428944  
O    -3.3508392   -0.8757818    1.5028991  
O    -5.9798695    0.6637982    0.2159701  
C    -6.7843830    1.0156469   -0.7937895  
O    -8.0013861    1.2542201   -0.2816925  
H    -8.5663203    1.5123335   -1.0235829  





Energy = -610.5530923279 
C    -3.5777722    1.3602478   -0.1066753  
C    -2.2516178    1.5431222    0.3808411  
C    -1.9062948    2.8544977    0.1400058  
C    -3.0149119    3.4366465   -0.4814903  
O    -4.0038711    2.5870007   -0.6374956  
H    -1.6764341    0.7580150    0.8438136  
H    -0.9801024    3.3533469    0.3722629  
H    -3.1812778    4.4418432   -0.8420070  
C    -4.4281272    0.3143304   -0.1494409  
H    -5.4014624    0.4764878   -0.5941544  
C    -4.0571280   -1.0284822    0.3928608  
C    -5.0862476   -2.0284488    0.2549006  
C    -6.3672495   -2.0236071   -0.2781399  
O    -4.8060082   -3.2742573    0.7300755  
C    -6.8774453   -3.3238571   -0.1153228  
H    -6.8801469   -1.1917384   -0.7306012  







H    -7.8447848   -3.6927809   -0.4104171  
H    -5.8155939   -5.0657231    0.8275217  
O    -2.9660116   -1.2201759    0.9004654 
 
Transition state: C5H3O–CHOCO2H–CO–C5H3O + DMSO (direct path) 
 
35 
Energy = -1428.357579410 
C    -0.3081428   -1.1121805    1.1560740  
C    -1.5795172   -1.5386227    1.4167308  
C    -1.5182136   -2.2744295    2.6332307  
C    -0.2144711   -2.2545751    3.0218971  
O     0.5364922   -1.5652895    2.1341174  
H    -2.4449904   -1.3190010    0.8179672  
H    -2.3354124   -2.7398985    3.1575855  
H     0.3100487   -2.6594661    3.8696321  
C     0.2972494   -0.3136068    0.1180327  
H     1.2211865    0.1833528    0.4023081  
C    -0.6271195    0.4008210   -0.8476709  
C    -0.2549546    1.7120349   -1.3011982  
C     0.7759168    2.5634945   -0.9914691  
O    -1.0352360    2.2687488   -2.2892960  
C     0.6208813    3.6964745   -1.8271772  
H     1.5166219    2.3889253   -0.2210569  
C    -0.4907031    3.4632542   -2.5841956  
H     1.2410666    4.5763576   -1.8547206  
H    -0.9950768    4.0371640   -3.3431008  
O    -1.5792819   -0.2201462   -1.3134630  
O    -0.1537882    1.5080918    1.8043190  
C     0.9977417    1.7825272    2.1958302  
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O     1.0695933    2.3920353    3.4387124  
H     2.0132024    2.5394821    3.5847445  
O     2.0892597    1.5786823    1.6084418  
S     0.0474646   -2.5536732   -1.4859563  
C    -0.1490329   -2.2135733   -3.2385859  
H    -0.6532220   -3.0672727   -3.6923114  
H    -0.7779669   -1.3286221   -3.3038243  
H     0.8280575   -2.0449447   -3.6881718  
C     1.2050192   -3.9261115   -1.5592826  
H     1.4665511   -4.1657749   -0.5303943  
H     0.7027519   -4.7739100   -2.0254560  
H     2.0903900   -3.6320442   -2.1203411  





Energy = -1163.774049383 
C     0.4765297   -1.1596670    0.2234005  
C    -0.8093322   -1.4746190    0.5520373  
C    -0.7361077   -2.3618565    1.6658390  
C     0.5860408   -2.5210363    1.9359672  
O     1.3404783   -1.7994390    1.0682122  
H    -1.6991929   -1.1098556    0.0659945  
H    -1.5574430   -2.8100801    2.1983431  
H     1.1271415   -3.0804478    2.6792383  
C     1.0725539   -0.3299380   -0.8332080  
H     2.0091603    0.1121704   -0.4995553  
C     0.0919074    0.7346700   -1.3402062  
C    -0.0427383    1.9325590   -0.5684347  
C    -0.8620174    3.0280030   -0.6894017  
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O     0.7665628    2.0851665    0.5326477  
C    -0.5429341    3.8898185    0.3841526  
H    -1.5983200    3.1772428   -1.4612137  
C     0.4487825    3.2685899    1.0904136  
H    -0.9831544    4.8460841    0.6098269  
H     1.0023232    3.5413775    1.9727963  
O    -0.5451692    0.5024450   -2.3583327  
S     0.3955503   -1.9946869   -2.7578039  
C     0.5863879   -1.4376909   -4.4476154  
H     0.0288754   -2.1334995   -5.0758116  
H     0.1509809   -0.4440465   -4.4987368  
H     1.6426812   -1.4329924   -4.7101819  
C     1.2528331   -3.5679672   -2.8247498  
H     1.2768061   -3.9592647   -1.8093462  
H     0.6712181   -4.2325531   -3.4645963  
H     2.2602862   -3.4293091   -3.2129682  





Energy = -1163.350717425 
C    -3.8419755    1.5920023    0.1259946  
C    -4.0492241    2.7864124    0.7330911  
C    -2.8152480    3.5084553    0.6341317  
C    -1.9524125    2.6974805   -0.0244566  
O    -2.5648700    1.5230296   -0.3487438  
H    -4.9661575    3.1035019    1.1980936  
H    -2.6046309    4.4966631    1.0074055  
H    -0.9258950    2.7941051   -0.3303145  








H    -4.5511755    0.0549462   -1.1445705  
C    -4.3902146   -0.7747585    0.8257611  
C    -5.0436003   -2.0503646    0.5168554  
C    -5.0479843   -3.2350197    1.1951985  
O    -5.7747527   -2.1839213   -0.6373907  
C    -5.8229352   -4.1459033    0.4255300  
H    -4.5472263   -3.4132567    2.1312073  
C    -6.2339076   -3.4566622   -0.6733333  
H    -6.0429008   -5.1752623    0.6529089  
H    -6.8241935   -3.7241878   -1.5326869  
O    -3.6578968   -0.6751703    1.7850428  
O    -6.0631582    0.6909818    0.1079180  
S    -6.9159631    1.2901590   -1.4300001  
C    -6.3831223    0.6178916   -2.7969452  
H    -6.5056486   -0.4337226   -3.0135469  
H    -5.7053668    1.2141985   -3.3884605  
C    -8.3451541    0.3094636   -0.9472454  
H    -8.5671127    0.5363291    0.0919932  
H    -9.1742499    0.5876482   -1.5941750  
H    -8.0946511   -0.7434633   -1.0526266 
 
Transition state: C5H3O–CHOSC2H5–CO–C5H3O 
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Energy = -1163.341237827 
C     0.9169516    1.6934720    0.0482809  
C     1.0129424    2.7481824    0.8975257  
C     1.7096063    3.7800517    0.1889107  
C     1.9836053    3.2770650   -1.0400099  
O     1.5001105    2.0074828   -1.1466638  








H     1.9762756    4.7583938    0.5524920  
H     2.4882147    3.6653534   -1.9069545  
C     0.2901135    0.3443538    0.1778475  
H    -0.2856453    0.2061966   -0.8743819  
C     1.2968554   -0.8165417    0.1914411  
C     0.7555880   -2.1768259    0.1061639  
C     1.3719944   -3.3858078    0.2560592  
O    -0.5676376   -2.3762010   -0.1962344  
C     0.3794895   -4.3821083    0.0430560  
H     2.4132923   -3.5235705    0.4913784  
C    -0.7735921   -3.7126472   -0.2290786  
H     0.5025826   -5.4510312    0.0868314  
H    -1.7762432   -4.0323175   -0.4545464  
O     2.4905488   -0.6360986    0.3037305  
O    -0.6088533    0.2319914    1.1438576  
S    -2.5434424    0.2346782    0.0384649  
C    -1.8806793    0.3092170   -1.4646289  
H    -1.9078424   -0.5968044   -2.0513297  
H    -1.7259782    1.2536261   -1.9657994  
C    -2.7675713    1.9604370    0.5184631  
H    -1.9379664    2.5492742    0.1364448  
H    -3.7227871    2.3232157    0.1423128  





Energy = -685.4509262878 
C    -3.7180294   -0.7257678   -0.1985809  
C    -2.3898780   -0.7842034    0.1436874  
C    -1.9675661    0.5512833    0.3655576  







O    -4.1280759    0.5829932   -0.1958401  
H    -1.8026093   -1.6824468    0.2052912  
H    -0.9850659    0.8899494    0.6473505  
H    -3.2280838    2.3952703    0.1872927  
C    -4.7309278   -1.7188036   -0.5151174  
C    -4.2666769   -3.1910991   -0.5156883  
C    -5.2791751   -4.1841592   -0.1979931  
C    -6.6074777   -4.1257213    0.1436438  
O    -4.8691348   -5.4929447   -0.1950771  
C    -7.0299513   -5.4611904    0.3651832  
H    -7.1947641   -3.2274902    0.2047811  
C    -5.9342716   -6.2421931    0.1437244  
H    -8.0126489   -5.7998200    0.6462986  
H    -5.7693401   -7.3051879    0.1878246  
O    -5.8815936   -1.4289744   -0.7822435  
















5.3.3 Mechanistic Details Regarding the Dehydrogenation of Amines 
In situ Gas Phase GC: 
An in situ gas GC measurement of the headspace of a reaction from N-benzylaniline 
to N-benzylideneaniline was carried out after 16 h reaction time (Figure 27 – 28). The 
curve is indicating that there is no other gas than CO2. The source of N2 gas is the front 
part of the needle of the used gas-tight syringe; 7.5 min: N2, 29.5 min: CO2. 
 
Figure 27: In situ gas phase GC measurement; measured by the working group of 
Prof. Inke Siewert. 
 
Figure 28: Zoom-in of the in situ gas phase GC measurement; measured by the work-




Different amounts of CO2: 
The reaction flask (see chapter 5.2.4) containing a nitrogen atmosphere after three 
vacuum/N2 cycles was charged with the volumetric amount of 1.0 and 0.2 equivalents 
of CO2, respectively, through a septum via syringe. The syringe was purged with CO2 
gas thrice prior to use. The necessary amount was calculated according to the ideal 
gas law: 
𝑝𝑉 = 𝑛𝑅𝑇 
The temperature in the laboratory was measured to be 20 °C, the pressure was esti-
mated to be 1 atm = 101325 Pa. This is an example calculation for the case of 1.0 





0.134 ∗ 10−3 𝑚𝑜𝑙 ∗ 8.314 𝑘𝑔 𝑚2 ∗ 293.15 𝐾 𝑚 𝑠2
101325 𝑠2 𝑚𝑜𝑙 𝐾 𝑘𝑔
= 3.2 ∗ 10−6 𝑚3 = 3.2 𝑚𝑙 
 
KIE experiments: 
Mono- and di-deuterated starting materials 280a-d1 and 280a-d2 were synthesized ac-
cording to literature procedure (Scheme 77 – 78)[203]: 
 
Scheme 77: Deuteration of 3,4-dihydroisoquinoline to 280a-d1. 
280a-d1:  6.5 mL ethanol were added to 3.1 mmol NaBD4 (127.9 mg) followed by slow 
addition of 0.35 mL 3,4-dihydroisoquinoline (2.962 mmol). The mixture was stirred at 
rt for 1 h, cooled to 0 °C and quenched with 1 M HCl. Afterwards, solid NaOH was 
added until the solution became basic (controlled by pH indicator paper). The solution 
was dried with Na2SO4 and concentrated in vacuo to give 280a-d1, which was used 
without further purification (quantitative conversion; > 95% deuteration). 
 
Scheme 78: Deuteration of 3,4-dihydroisoquinoline to 280a-d2. 
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280a-d1:  15 mL dry THF were added to 6.6 mmol LiAlD4 (277.1 mg) followed by addi-
tion of 0.35 mL 3,4-dihydroisoquinoline (2.962 mmol) under nitrogen atmosphere. The 
mixture was refluxed for 40 h, cooled to 0 °C and quenched with 1 M HCl. After extrac-
tion with EA the solution was dried with Na2SO4 and concentrated in vacuo to give 
280a-d1 which was used without further purification (quantitative conversion; > 95% 
deuteration). 
The so-synthesized starting materials 280a-d1 and 280a-d2, respectively, were dehy-
drogenated (see Scheme 59) according to the general reaction procedure (see chap-
ter 5.2.4). After 7 h the resulting products were analyzed by GC using n-dodecane as 
internal standard and in case of 280a-d2 compared with a non-deuterated sample un-
der the same reaction conditions. The calculated KIE is a result of the average of three 







Both starting materials give the same KIE so that we can assume that there is no effect 
of the orientation of the deuterium atom in 280a-d1 neither an effect of the double deu-
















A 2H NMR spectrum was recorded in order to detect possible deuterated byproducts 
from the reaction of deuterated starting material 280a-d2 in non-deuterated DMSO. We 
found a hint for D2O as byproduct at 3.30 ppm in 2H NMR. The signal at 8.88 ppm 
could be assigned to 280b-d1 and at 4.97 to 280a-d2. 
 
Figure 29: 2H NMR in non-deuterated DMSO. 
 
Carbamate as possible intermediate/byproduct from N-benzylaniline: 
 
Scheme 79: Reaction of 266a to the respective methyl carbamate. 
A 10 mL two-necked flask containing a stirring bar was charged with 0.134 mmol N-
benzylaniline (24.3 mg). After purging the flask thrice with vacuum and two times with 
argon the CO2 atmosphere was incorporated through a CO2-filled balloon. Afterwards 
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dry DMSO (2.5 mL), DBN (1.2 eq, 0.16 mL of a 1 M solution in dry DMSO) and de-
gassed methyl iodide (0.03 mL; 0.48 mmol. 3.6 eq) were added. The resulting mixture 
was stirred for 24 h at rt (Scheme 79). 
ESI-HRMS: m/z calcd. for C15H15NO2 [M+H+]: 242.1176, found: 242.1174; m/z calcd. 
for C15H15NO2 [M+Na+]: 264.0995, found: 264.0996. 
 
Bicarbonate salt as possible intermediate/byproduct from non-dried DBN: 
CO2 was bubbled through commercial DBN for about 3 minutes. The formed white 
precipitate was collected and submitted to 1H and 13C NMR in D2O as solvent, thus 
confirming the formation of a DBNH+ bicarbonate salt (Figure 30 – 31).  
 




Figure 31: 13C NMR in D2O. 
 
Stern-Volmer Plot: 
To determine the reactive species in the beginning of the photocatalytic reaction ab-
sorption-emission spectra for a Stern-Volmer plot were acquired. At first, a 3D spec-
trum for excitation and emission of eosin Y was recorded in order to detect the maxima 
of absorption and emission. The resulting spectrum is depicted in Figure 32 with 3 
absorption bands.  
  
Figure 32: 3D absorption-emission spectrum of eosin Y in DMSO. 
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Figure 33 shows a comparison spectrum of DBN. The excitation maximum was meas-
ured at 533 nm and the emission maximum at 550 nm. These wavelengths were used 
for further measurements. 
 
Figure 33: 3D absorption-emission spectrum of DBN in DMSO. 
 
EPR studies: 
Room temperature X-band CW EPR experiments were performed on a Bruker 
ElexSys E500 CW/Transient EPR spectrometer equipped with the SHQ Bruker 
microwave resonator (ER4122 SHQE-W1). The short-living radical intermedi-
ates were trapped with a DMPO spin trap. General instrument settings and the 
experimental parameters were as follows: 9.87 GHz microwave frequency; 
20 mW microwave power; 0.5 G field modulation; 60 dB receiver gain; 5.18 ms 
conversion time, number of averaged scans: 400.  
Spectra simulations were performed using EasySpin MATLAB-based pack-
age.[204] Three different adducts making up the total spectrum could be recog-
nized. All species exhibit EPR line splittings due to a typical for DMPO adducts 
hf interaction with 14N and β-proton. Their exact assignment is a matter of further 
studies. The EPR spectra of the adducts were simulated first in isotropic limit to 
identify the hf interaction patterns and then in a fast-motion regime to optimize 
the rotational correlation time and g- and hf-tensor anisotropies for the observed 
species. All hf interactions were considered as anisotropic, axially symmetric 
tensors for the best fit with the experimental spectrum.  
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Figure 34: Experimental spectrum of DMPO adducts prepared and measured under 
reaction conditions in CO2 atmosphere (black). The simulated spectrum (red) and three 
radical contributors (subspectrum 1, 2 and 3) are shown for comparison; measure-
ments and discussion of EPR experiments were done with the help of Igor Tkach.   
Figure 34 shows the experimental (black) and simulated (red) EPR spectra. The 
experimental spectrum was measured under reaction conditions (including blue 
light irradiation) in CO2 atmosphere. The spectra for all 3 adducts (subspectra 1, 





The adduct spectra were simulated with the following parameters: 
Subspectrum 1: 
S = ½, hf interaction with 14N(I=1) and 1H (I = ½); Isotropic g-value = 2.0072 
(arbitrary value); g-tensor eigenvalue deviations from the isotropic symmetry: 
Δg1 = 0.00024; Δg2 = –a 0.00011; Δg3 = –0.00013. 
14N hf-tensor eigenvalue components: A14N(iso) =  46.5 MHz; A14N(axial ) =  22.5 MHz; 
1H hf-tensor eigenvalue components: A1H(iso) =  −3.9 MHz; A1H(axial ) =  3.0 MHz; 
Correlation time  = 10.4 ns; Weight parameter = 0.51. 
Subspectrum 2: 
S = ½, hf interaction with 14N(I=1) and two 1H (I = ½); Isotropic g-value = 2.0072 
(arbitrary value); g-tensor eigenvalue deviations from the isotropic symmetry: 
Δg1 = 0.0021; Δg2 = –0.0019; Δg3 = –0.00016. 
14N hf-tensor eigenvalue components: A14N(iso) =  44.2 MHz; A14N(axial ) =  19.5 MHz; 
1H hf-tensor eigenvalue components: A1H(iso) =  −52.7 MHz; A1H(axial) =  5.5 MHz; 
1H hf-tensor eigenvalue components: A1H(iso) =  0.9 MHz; A1H(axial) =  18.2 MHz; 
Correlation time  = 3.7 ns; Weight parameter = 0.20. 
Subspectrum 3: 
S = ½, hf interaction with 14N(I=1) and two 1H (I = ½); Isotropic g-value = 2.0072 
(arbitrary value); g-tensor eigenvalue deviations from the isotropic symmetry: 
Δg1 = -0.0026; Δg2 = 0.0011; Δg3 = 0.0016. 
14N hf-tensor eigenvalue components: A14N(iso) =  4.3 MHz; A14N(axial) =  −49.5 MHz; 
1H hf-tensor eigenvalue components: A1H(iso) =  99.0 MHz; A1H(axial) =  53.6 MHz; 
1H hf-tensor eigenvalue components: A1H(iso) =  1.28 MHz; A1H(axial) =  73.7 MHz; 










In general, the kinetic experiments were carried out according to the general reaction 
procedure described in chapter 5.2.4 but with varying concentrations of N-benzylani-
line, DBN and eosin Y, respectively, as depicted in Table 13 – 15. Samples (as whole 
reaction mixtures, no aliquots) were taken after the indicated timespan and analyzed 
via GC with n-dodecane as internal standard. The obtained values were plotted as 
product concentration against the time at different concentrations of starting material, 
base or catalyst, respectively (Figure 35 – 37). 
Table 13: Different         Table 14: Different        Table 15: Different 
concentrations of     concentrations of DBN        concentrations of eosin Y 
N-benzylaniline      
c(SM) / M c(P) / M t / h  c(base) / M c(P) / M t / h  c(PC) / mM c(P) / M  t / h 
0.018 0.001587 2  0.01608 0.006332 2  0.536 0.00219 2 
0.018 0.002433 4  0.01608 0.008924 4  0.536 0.02417 4 
0.018 0.003736 6  0.01608 0.008748 6  0.536 0.02921 6 
0.018 0.003928 8  0.01608 0.010432 8  0.536 0.03671 8 
0.036 0.003046 2  0.03216 0.014200 2  1.072 0.00712 2 
0.036 0.008246 4  0.03216 0.018053 4  1.072 0.01706 4 
0.036 0.012415 6  0.03216 0.019290 6  1.072 0.03433 6 
0.036 0.013664 8  0.03216 0.024817 8  1.072 0.04596 8 
0.0536 0.002441 2  0.06432 0.012441 2  1.608 0.00244 2 
0.0536 0.009151 4  0.06432 0.018151 4  1.608 0.00915 4 
0.0536 0.013523 6  0.06432 0.021523 6  1.608 0.01352 6 
0.0536 0.017532 8  0.06432 0.025532 8  1.608 0.03753 8 
0.108 0.002128 2  0.09648 0.014121 2  2.68 0.00615 2 
0.108 0.005401 4  0.09648 0.019443 4  2.68 0.01169 4 
0.108 0.013822 6  0.09648 0.025681 6  2.68 0.02434 6 
0.108 0.024697 8  0.09648 0.030455 8  2.68 0.05623 8 
0.2144 0.002121 2  0.12864 0.021188 2  5.36 0.00400 2 
0.2144 0.015682 4  0.12864 0.031779 4  5.36 0.02402 4 
0.2144 0.028238 6  0.12864 0.038768 6  5.36 0.04037 6 




Figure 35: Product concentration plotted against reaction time at different N-benzylani-
line concentrations; for each data point a separate reaction was conducted using dif-
ferent concentrations of N-benzylaniline (18 mmol L–1, 36 mmol L–1, 53.6 mmol L–1, 
108 mmol L–1, 214.4 mmol L–1) with constant concentration of DBN (64.3 mmol L–1) 
and eosin Y (1.61 mmol L–1) in 2.5 mL DMSO at rt under a CO2 atmosphere (balloon) 
and blue LED light irradiation and submitted to GC analysis with n-dodecane as inter-
nal standard after the indicated timespan. 
 
Figure 36: Product concentration plotted against reaction time at different DBN con-
centrations; for each data point a separate reaction was conducted using different con-
centrations of DBN (16.1 mmol L–1, 32.2 mmol L–1, 64.3 mmol L–1, 96.5 mmol L–1, 
128.6 mmol L–1) with constant concentration of N-benzylaniline (0.0536 mol L–1) and 
eosin Y (1.61 mmol L–1) in 2.5 mL DMSO at rt under a CO2 atmosphere (balloon) and 
blue LED light irradiation and submitted to GC analysis with n-dodecane as internal 
standard after the indicated timespan. 
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Figure 37: Product concentration plotted against reaction time at different eosin Y con-
centrations; for each data point a separate reaction was conducted using different con-
centrations of eosin Y (0.536 mmol L–1, 1.072 mmol L–1, 1.608 mmol L–1,     
2.68 mmol L–1, 5.46 mmol L–1) with constant concentration of N-benzylaniline 
(0.0536 mol L–1) and DBN (64.3 mmol L–1) in 2.5 mL DMSO at rt under a CO2 atmos-
phere (balloon) and blue LED light irradiation and submitted to GC analysis with n-
dodecane as internal standard after the indicated timespan. 
With the slopes of these curves we were now able to plot the logarithmic concentration 
of starting material, base and catalyst, respectively, against the logarithmic observed 
rate constant kobs (Figure 38 – 40). 
 
Figure 38: ln(kobs) against ln(cSM); standard error: 0.36529. 
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Figure 39: ln(kobs) against ln(cbase); standard error: 0.24111. 
 
Figure 40: ln(kobs) against ln(ccat); standard error: 0.14743. 
 
Details Regarding DFT Calculations:  
All structures were optimized by the ORCA 4.0.1 software package[205] with the M06 
functional[206] with a D3 dispersion correction with zero dumping[200a] and a def2-TZVPP 
basis set.[201a] Influences of the solvent on the structures were introduced by a conduc-
tor-like polarizable continuum model (CPCM) for DMSO.[207] The Hessian was calcu-
lated to verify the nature of the obtained stationary points. 
DLPNO-CCSD(T) single point energies were calculated with a def2-TZVPP and a 
def2-QZVPP basis set as well as with a def2-TZVPP basis set and tight settings for 
































the local pairs. The obtained energies were used in the extrapolation scheme devel-
oped by Neese and Liakos to the corresponding DLPNO-CCSD(T)/CBS complete ba-
sis set energies.[208]  
The Gibbs free energies of solvation were estimated by the COSMO-RS method[209] 
as implemented in the COSMOthermX14 program package.[210]  With the aim to 
achieve the best available accuracy the BP-TZVPD-FINE method was applied, which 
calculates the correction based on single point calculations performed by Turbo-
mole[211] with the BP86 functional[202a] and a def2-TZVPD basis set.[ 201a,212] 
The redox potential was calculated from the sum of all energy contributions above, 
based on a scheme originally developed for metal cations.[213] Due to the fact, that 
redox potentials are generally listed as relative values compared to the standard hy-
drogen electrode (SHE) the obtained potentials were transformed to analogous repre-























5.4 Analytical Data of the Products 
 
Ethyl (4-fluorophenyl)carbamate (2b): 48 h, 50 °C; 1H NMR (300.54 MHz, CDCl3): 
δ 7.47 – 7.28 (m, 2H), 7.08 – 6.89 (m, 2H), 6.62 (s, 1H), 4.22 (q, J = 7.1 Hz, 2H), 1.30 
(t, J = 7.1 Hz, 3H); 13C NMR (75.58 MHz, CDCl3): δ 160.69, 153.92, 134.06, 120.60, 
115.91, 61.45, 14.68; MS (GC-MS): m/z 183 [M+][215]; 82% yield. 
 
Ethyl (4-bromophenyl)carbamate (3b): 16 h, rt; 1H NMR (300.14 MHz, CDCl3): δ 
7.43 – 7.36 (m, 2H), 7.31 – 7.25 (m, 2H), 6.70 (s, 1H), 4.22 (q, J = 7.1 Hz, 2H), 1.30 (t, 
J = 7.1 Hz, 3H); 13C NMR (125.71 MHz, CDCl3): δ 153.47, 137.17, 131.98, 120.31, 
115.89, 61.57, 14.73; MS (GC-MS): m/z 244 [M+H+][216]; 69% yield. 
 
Ethyl cyclohexylcarbamate (4b): 16 h, rt; 1H NMR (300.14 MHz, CDCl3): δ 4.55 (s, 
1H), 4.08 (q, J = 7.3 Hz, 2H), 3.44 (s, 1H), 2.55 – 1.26 (m, 7H), 1.22 (t, J = 7.1 Hz, 3H), 
1.18 – 0.65 (m, 3H); 13C NMR (125.71 MHz, CDCl3): δ 155.84, 60.58, 49.85, 33.66, 
25.72, 25.00, 14.87; MS (GC-MS): 171 [M+][217]; 78% yield. 
 
Ethyl phenethylcarbamate (5b): 16 h, rt; 1H NMR (300.14 MHz, CDCl3): δ 7.39 – 7.08 
(m, 5H), 4.70 (s, 1H), 4.11 (q, J = 7.1 Hz, 2H), 3.44 (q, J = 6.7 Hz, 2H), 2.81 (q, J = 7.0 
Hz, 2H), 1.23 (t, J = 7.1 Hz, 3H); 13C NMR (125.71 MHz, CDCl3): δ 156.57, 138.86, 






Ethyl methyl(phenyl)carbamate (6b): 40 h, rt; 1H NMR (300.54 MHz, CDCl3): δ 7.37 
– 7.14 (m, 5H), 4.15 (q, J = 7.1 Hz, 2H), 3.29 (s, 3H), 1.22 (t, J = 7.1 Hz, 3H); 13C NMR 
(75.58 MHz, CDCl3): δ 155.83, 143.52, 128.88, 125.98, 125.78, 61.79, 37.74, 14.73; 
MS (GC-MS): m/z 179 [M+][219]; 90% yield. 
 
Ethyl methyl(pyridin-3-yl)carbamate (7b): 16 h, rt; 1H NMR (300.14 MHz, CDCl3): δ 
8.53 (d, J = 2.7 Hz, 1H), 8.40 (dd, J = 4.8, 1.5 Hz, 1H), 7.59 (d, J = 7.7 Hz, 1H), 7.26 
(ddd, J = 8.2, 4.8, 0.8 Hz, 1H), 4.17 (q, J = 7.1 Hz, 2H), 3.31 (s, 3H), 1.23 (t, J = 7.1 Hz, 
3H); 13C NMR (125.71 MHz, CDCl3): δ 155.32, 146.88, 146.57, 139.91, 132.56, 123.31, 
62.25, 37.41, 14.70; MS (GC-MS): m/z 180 [M+][220]; 75% yield. 
 
 
Ethyl indoline-1-carboxylate (8b): 16 h, rt; 1H NMR (300.54 MHz, CDCl3): δ 7.69 (s, 
1H), 7.23 – 7.10 (m, 2H), 6.94 (dt, J = 7.4, 1H), 4.38 – 4.17 (m, 2H), 4.00 (t, J = 8.7 Hz, 
2H), 3.10 (t, J = 8.7 Hz, 2H), 1.46 – 1.27 (m, 3H); 13C NMR (75.58 MHz, CDCl3): δ 
153.38, 142.72, 130.98, 127.48, 124.75, 122.46, 114.79, 61.35, 47.45, 27.47, 14.76; 
MS (GC-MS): m/z 191 [M+][221]; 70% yield. 
 
Ethyl benzyl(phenyl)carbamate (9b): 20 h, rt; 1H NMR (300.14 MHz, CDCl3): 
δ 7.48 – 7.07 (m, 10H), 4.91 (s, 2H), 4.24 (q, J = 7.1 Hz, 2H), 1.26 (t, J = 7.1 Hz, 3H); 
13C NMR (125.71 MHz, CDCl3): δ 155.87, 142.24, 138.12, 128.84, 128.44, 127.86, 




Ethyl octylcarbamate5 (10b): 20 h, rt; 1H NMR (300.14 MHz, CDCl3): δ 4.64 (s, 1H), 
4.09 (q, J = 7.1 Hz, 2H), 3.14 (q, J = 6.7 Hz, 2H), 1.47 (p, J = 7.1 Hz, 2H), 1.37 – 1.15 
(m, 13H), 0.89 – 0.84 (t, J = 7.1 Hz, 3H); 13C NMR (125.71 MHz, CDCl3): δ 156.69, 
60.74, 41.18, 31.99, 30.24, 29.45, 29.40, 26.96, 22.84, 14.88, 14.28; MS (GC-MS): 
m/z 201 [M+][222]; 74% yield. 
 
Ethyl heptyl(methyl)carbamate (11b): 16 h, 50 °C; 1H NMR (300.54 MHz, CDCl3): 
δ 4.11 (q, J = 7.1 Hz, 2H), 3.21 (t, J = 7.4 Hz, 2H), 2.86 (s, 3H), 1.49 (p, J = 7.3 Hz, 
2H), 1.32 – 1.18 (m, 11H), 0.87 (t, J = 6.7 Hz, 3H); 13C NMR (75.58 MHz, CDCl3): 
δ 156.72, 61.15, 48.68, 31.91, 29.17, 27.93, 27.71, 26.75, 22.73, 14.88, 14.20; MS 
(GC-MS): m/z 201 [M+]; MS (ESI-HRMS): m/z calcd. for C11H23NO2 [M+Na+]: 
202.1802, found: 202.1804; 68% yield. 
 
Ethyl (4-nitrophenyl)carbamate (12b): 48 h, rt; 1H NMR (300.14 MHz, CDCl3): δ 8.19 
(d, J = 9.0 Hz, 2H), 7.55 (d, J = 9.2 Hz, 2H), 7.00 (s, 1H), 4.27 (q, J = 7.1 Hz, 2H), 1.33 
(t, J = 7.1 Hz, 3H); 13C NMR (125.71 MHz, CDCl3): δ 152.86, 144.04, 143.05, 125.29, 
117.76, 62.18, 14.66; MS (GC-MS): m/z 210 [M+][223]; 82% yield. 
 
Ethyl (4-cyanophenyl)carbamate (13b): 39 h, 50 °C; 1H NMR (500 MHz, CDCl3): 
δ 8.19 (d, J = 9.0 Hz, 2H), 7.55 (d, J = 9.2 Hz, 2H), 7.00 (s, 1H), 4.27 (q, J = 7.1 Hz, 
2H), 1.33 (t, J = 7.1 Hz, 3H); 13C NMR (125.71 MHz, CDCl3): δ 152.86, 144.04, 143.05, 




Ethyl (4-formylphenyl)carbamate (14b): 16 h, rt; 1H NMR (300.54 MHz, CDCl3): 
δ 10.57 (s, 1H), 9.91 (s, 1H), 8.47 (d, J = 8.0 Hz, 1H), 7.76 – 7.48 (m, 2H), 7.22 – 7.10 
(m, 1H), 4.25 (q, J = 7.1 Hz, 2H), 1.34 (t, J = 7.1 Hz, 3H); 13C NMR (75.58 MHz, CDCl3): 
δ 195.21, 153.88, 141.53, 136.18, 121.98, 121.43, 118.44, 61.56, 14.63; MS (GC-MS): 
m/z 193 [M+][225]; 81% yield. 
 
Ethyl (4-acetylphenyl)carbamate (15b): 39 h, 50 °C; 1H NMR (300.14 MHz, DMSO-
d6): δ 9.97 (s, 1H), 7.89 (d, J = 8.7 Hz, 2H), 7.59 (d, J = 8.6 Hz, 2H), 4.16 (q, J = 7.1 Hz, 
2H), 2.50 (s, 2H), 1.26 (t, J = 7.1 Hz, 2H); 13C NMR (126 MHz, DMSO-d6): δ 196.31, 
153.31, 143.76, 130.96, 129.45, 117.24, 60.50, 26.25, 14.37; MS (GC-MS): m/z 207 
[M+][226]; 90% yield. 
 
Methyl 4-((ethoxycarbonyl)amino)benzoate (16b): 39 h, 50 °C; 1H NMR (500 MHz, 
DMSO-d6): δ 9.99 (s, 1H), 7.92 – 7.84 (m, 2H), 7.64 – 7.56 (m, 2H), 4.15 (q, J = 7.1 
Hz, 2H), 3.80 (s, 3H), 1.25 (t, J = 7.1 Hz, 3H); 13C NMR (125.71 MHz, DMSO-d6): 
δ 165.84, 153.31, 143.82, 130.24, 123.08, 117.37, 60.49, 51.69, 14.35; MS (GC-MS): 
m/z 223 [M+][227]; 73% yield. 
 
Ethyl (4-ethynylphenyl)carbamate (17b): 16 h, 50 °C; 1H NMR (300.14 MHz, CDCl3): 
δ 7.45 – 7.38 (m, 2H), 7.39 – 7.31 (m, 2H), 6.84 (s, 1H), 4.22 (q, J = 7.1 Hz, 2H), 3.03 
(s, 1H), 1.30 (t, J = 7.1 Hz, 3H);  13C NMR (125.71 MHz, CDCl3): δ 153.17, 138.38, 
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134.05, 132.86, 118.05, 116.59, 83.39, 61.41, 14.54; MS (GC-MS): m/z 189 [M+][224]; 
79% yield. 
 
Ethyl (4-vinylphenyl)carbamate (18b): 16 h, rt; 1H NMR (300.53 MHz, CDCl3): δ 7.35 
(s, 4H), 6.75 – 6.54 (m, 2H), 5.66 (d, J = 17.6, 1H), 5.17 (d, J = 10.9, 1H), 4.23 (q, 
J = 7.1 Hz, 2H), 1.31 (t, J = 7.1 Hz, 3H); 13C NMR (75.58 MHz, CDCl3) δ 153.61, 
137.65, 136.25, 132.98, 127.04, 118.69, 112.75, 61.41, 14.69; MS (GC-MS): m/z 191 
[M+][228]; 73% yield. 
 
Ethyl (4-(methylcarbamoyl)phenyl)carbamate (19b): 16 h, rt; 1H NMR (300.14 MHz, 
DMSO-d6): δ 9.80 (s, 1H), 8.21 (d, J = 4.7 Hz, 1H), 7.75 (d, J = 8.7 Hz, 2H), 7.51 (d, 
J = 8.7 Hz, 2H), 4.14 (q, J = 7.1 Hz, 2H), 2.76 (d, J = 4.5 Hz, 3H), 1.25 (t, J = 7.1 Hz, 
3H); 13C NMR (126 MHz, DMSO-d6): δ 165.87, 153.14, 141.48, 128.07, 127.63, 
117.02, 60.21, 26.05, 14.39; MS (GC-MS): m/z 222 [M+]; MS (ESI-HRMS): m/z calcd. 
for C11H14N2O3 [M+H+]: 223.1077, found: 223.1079; 89% yield. 
 
Ethyl(3-(10,11-dihydro-5H-dibenzo[a,d][7]annulen-5-ylidene)propyl)(methyl)car-
bamate (42b): 16 h, rt; 1H NMR (300.14 MHz, CDCl3): δ 7.34 – 6.98 (m, 8H), 5.81 (t, 
J = 7.2 Hz, 1H), 4.21 – 3.93 (m, 2H), 3.39 – 3.22 (m, 4H), 2.77 (d, J = 15.6 Hz, 4H), 
2.34 (s, 3H), 1.32 – 1.02 (m, 3H); 13C NMR (100.62 MHz, CDCl3): δ 156.56, 141.15, 
139.51, 137.12, 130.13, 128.14, 127.60, 127.22, 126.12, 125.83, 61.24, 48.62, 33.86, 





(43b): 16 h, rt; 1H NMR (400.13 MHz, CDCl3): δ 8.15 (s, 1H), 7.91 – 7.78 (m, 2H), 7.58 
– 7.47 (m, 2H), 7.47 – 7.32 (m, 3H), 7.23 (t, J = 7.7 Hz, 1H), 6.92 (s, 1H), 6.85 (d, 
J = 7.7 Hz, 1H), 6.32 – 6.07 (m, 1H), 4.45 – 4.20 (m, 1H), 3.14 – 3.02 (m, 2H), 2.80 (t, 
J = 11.8 Hz, 2H), 2.16 (t, J = 7.4 Hz, 2H), 1.63 (d, J = 6.9 Hz, 3H), 1.52 – 1.35 (m, 1H), 
1.27 (t, J = 7.1 Hz, 3H); 13C NMR (100.62 MHz, CDCl3): δ 156.35, 142.54, 136.25, 
133.79, 132.42, 131.57, 128.85, 128.58, 126.79, 126.03, 125.67, 125.03, 124.84, 
124.39, 124.02, 122.61, 61.51, 50.15, 41.69, 33.04, 30.68, 21.16, 17.17, 14.89, 14.32; 
MS (GC-MS): m/z 429 [M+]; HR MS (ESI-HRMS)MS: m/z calcd. for C25H26F3NO2 
[M+H+]: 430.1988, found: 430.1980; 82% yield. 
 
Pentyl (4-methoxyphenyl)carbamate (44b): 16 h, rt;  1H NMR (400.13 MHz, CDCl3): 
δ 7.28 (d, J = 8.3 Hz, 2H), 6.90 – 6.80 (m, 2H), 6.46 (s, 1H), 4.14 (t, J = 6.7 Hz, 2H), 
3.78 (s, 3H), 1.72 – 1.59 (m, 2H), 1.42 – 1.30 (m, 4H), 0.99 – 0.85 (m, 3H); 13C NMR 
(100.62 MHz, CDCl3): δ 156.06, 154.23, 131.19, 120.77, 114.39, 65.47, 55.65, 28.81, 
28.17, 22.50, 14.13; MS (GC-MS): m/z 237 [M+][230]; 83% yield. 
 
Benzyl (4-methoxyphenyl)carbamate (45b): 16 h, rt; 1H NMR (400.13 MHz, CDCl3): 
δ 7.43 – 7.33 (m, 5H), 7.29 (d, J = 7.8 Hz, 2H), 6.88 – 6.83 (m, 2H), 6.58 (s, 1H), 5.19 
(s, 2H), 3.78 (s, 3H); 13C NMR (100.62 MHz, CDCl3): δ 156.19, 153.82, 136.32, 130.95, 





N-([1,1'-Biphenyl]-3-yl)-2-phenylacetamide (46b): 48 h, 50 °C; 1H NMR 
(300.54 MHz, CDCl3): δ 7.69 – 7.27 (m, 14H), 6.81 (s, 1H), 5.23 (s, 2H); 13C NMR 
(75.56 MHz, CDCl3): δ 153.49, 142.34, 140.81, 138.32, 136.13, 129.55, 128.86, 
128.76, 128.51, 128.45, 127.29, 122.50, 117.66, 67.21; MS (ESI): m/z 304.1 [M+H+]; 
MS (ESI-HRMS): m/z calcd. for C20H17NO2 [M+Na+]: 326.1151, found: 326.1147; 69% 
yield. 
 
Methyl ((benzyloxy)carbonyl)-phenylalaninate (47b): 48 h, 40 °C; 1H NMR (300.14 
MHz, CDCl3): δ 7.42 – 7.15 (m, 10H), 7.01 (d, J = 9.4 Hz, 1H), 5.20 – 5.07 (m, 2H), 
4.82 – 4.60 (m, 1H), 3.12 (dd, J = 5.7, 2.8 Hz, 2H), 2.18 (s, 3H); 13C NMR (125.71 MHz, 
CDCl3): δ 171.94, 155.63, 136.32, 135.74, 129.32, 128.58, 128.24, 128.14, 127.20, 
67.13, 54.99, 52.48, 38.46, 31.12. MS (ESI): m/z 336.1 [M+Na+]; MS (ESI-HRMS): m/z 
calcd. for C18H19NO4 [M+Na+]: 336.1206, found: 336.1210; 70% yield. 
 
Methyl ((benzyloxy)carbonyl)-tryptophanate (48b): 48 h, 40 °C; 1H NMR 
(300.54 MHz, CDCl3): δ 8.24 (s, 1H), 7.62 – 7.03 (m, 9H), 6.92 (d, J = 2.4 Hz, 1H), 
5.39 (d, J = 8.2 Hz, 1H), 5.18 – 5.06 (m, 2H), 4.81 – 4.67 (m, 1H), 3.68 (s, 3H), 3.32 
(d, J = 5.5 Hz, 2H); 13C NMR (75.58 MHz, CDCl3): δ 172.38, 155.75, 136.18, 136.05, 
128.42, 128.07, 128.02, 127.41, 122.81, 122.10, 119.54, 118.46, 111.21, 109.61, 
66.86, 54.45, 52.28, 27.84; MS (ESI): m/z 375.1 [M+Na+]; MS (ESI-HRMS): m/z calcd. 




Methyl ((benzyloxy)carbonyl)-methioninate (49b): 16 h, rt; 1H NMR (300.14 MHz, 
CDCl3): δ 7.46 – 7.22 (m, 5H), 5.48 (d, J = 8.2 Hz, 1H), 5.11 (s, 2H), 4.57 – 4.43 (m, 
1H), 3.74 (s, 3H), 2.52 (t, J = 7.6 Hz, 2H), 2.08 (s, 3H), 2.07 – 1.87 (m, 2H); 13C NMR 
(125.71 MHz, CDCl3): δ 172.38, 155.85, 136.19, 128.54, 128.22, 128.12, 67.18, 53.28, 
52.63, 32.14, 30.05, 15.63; MS (ESI): m/z 320.1 [M+Na+]; MS (ESI-HRMS): m/z calcd. 
for C14H19NO4S [M+Na+]: 320.0927, found: 336.0928; 90% yield. 
 
Methyl (ethoxycarbonyl)glycinate (50b): 16 h, rt; 1H NMR (400.13 MHz, CDCl3): 
δ 5.24 (s, 1H), 4.12 (q, J = 7.1 Hz, 2H), 3.95 (d, J = 5.9 Hz, 2H), 3.74 (s, 3H), 1.23 (t, 
J = 7.1 Hz, 3H); 13C NMR (100.62 MHz, CDCl3): δ 170.78, 156.68, 61.42, 52.42, 42.67, 
14.64; MS (GC-MS): m/z 161 [M+][232]; 67% yield. 
 
Methyl-valyl-phenylalaninate (51a): 1H NMR (300.14 MHz, DMSO-d6): δ 8.47 (d, 
J = 7.7 Hz, 1H), 7.34 – 7.08 (m, 5H), 5.10 (s, 2H), 4.62 – 4.39 (m, 1H), 3.60 (s, 3H), 
3.26 (d, J = 5.0 Hz, 1H), 3.16 – 2.84 (m, 2H), 2.06 – 1.87 (m, 1H), 0.88 (d, J = 6.9 Hz, 
3H), 0.78 (d, J = 6.8 Hz, 3H); MS (ESI): m/z 279.1 [M+H+]; MS (ESI-HRMS): m/z calcd. 





Methyl ((benzyloxy)carbonyl)-valyl-phenylalaninate (51b): 24 h, 40 °C; 1H NMR 
(300.14 MHz, CDCl3): δ 7.54 – 7.01 (m, 10H), 6.49 (d, J = 7.8 Hz, 1H), 5.43 (d, 
J = 9.0 Hz, 1H), 5.12 (d, J = 5.8 Hz, 2H), 4.98 – 4.84 (m, 1H), 4.16 – 4.01 (m, 1H), 3.73 
(s, 3H), 3.18 – 3.08 (m, 2H), 2.10 (h, J = 6.7 Hz, 1H), 0.93 (dd, J = 16.6, 6.8 Hz, 6H). 
13C NMR (125.71 MHz, CDCl3): δ 171.65, 170.84, 156.29, 136.32, 135.64, 129.25, 
128.65, 128.56, 128.19, 128.04, 127.21, 67.15, 60.38, 53.27, 52.45, 38.11, 31.31, 
19.28, 17.91; MS (ESI): m/z 413.2 [M+H+]; MS (ESI-HRMS): m/z calcd. for C23H28N2O5 
[M+H+]: 413.2071, found: 413:2071; 70% yield. 
 
Methyl-phenylalanyl-phenylalaninate (52a): 1H NMR (300.14 MHz, DMSO-d6): 
δ 8.35 – 8.19 (m, 1H), 7.42 – 6.94 (m, 10H), 4.67 – 4.44 (m, 1H), 3.60 (s, 3H), 
3.54 – 3.40 (m, 1H), 3.28 (s, 2H), 3.03 – 2.91 (m, 2H), 2.66 – 2.53 (m, 2H); MS (ESI): 
m/z 327.2 [M+H+]; MS (ESI-HRMS): m/z calcd. for C19H22N2O3 [M+H+]: 327.1703, 
found: 327.1703; 56% yield. 
 
Methyl ((benzyloxy)carbonyl)-phenylalanyl-phenylalaninate (52b): 24 h, 40 °C; 1H 
NMR (400.13 MHz, CDCl3): δ 7.40 – 6.89 (m, 15H), 6.29 (d, J = 6.5 Hz, 1H), 5.30 (d, 
J = 6.2 Hz, 1H), 5.07 (s, 2H), 4.84 – 4.74 (m, 1H), 4.42 (d, J = 6.9 Hz, 1H), 3.67 (s, 
3H), 3.11 – 2.93 (m, 4H); 13C NMR (100.62 MHz, CDCl3): δ 171.42, 170.47, 155.96, 
136.34, 135.67, 129.46, 129.36, 129.30, 128.81, 128.65, 128.31, 128.12, 127.24, 
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127.16, 67.19, 56.14, 53.43, 52.41, 38.44, 38.02, 29.82; MS (ESI): m/z 461.2 [M+H+]; 
MS (ESI-HRMS): m/z calcd. for C27H28N2O5 [M+H+]: 461.2071, found: 461:2069; 78% 
yield. 
 
Methyl-methionyl-methionyl-phenylalaninate (53a): 1H NMR (300.14 MHz, DMSO-
d6): δ 8.41 (d, J = 7.5 Hz, 1H), 8.17 (s, 1H), 7.31 – 7.14 (m, 5H), 4.56 – 4.34 (m, 2H), 
3.91 – 3.71 (m, 2H), 3.59 (s, 3H), 3.47 – 3.31 (m, 1H), 3.12 – 2.88 (m, 2H), 2.49 – 2.45 
(m, 1H), 2.44 – 2.33 (m, 2H), 2.02 (s, 3H), 2.01 (s, 3H), 1.90 – 1.60 (m, 2H), 0.94 – 0.61 
(m, 1H); MS (ESI): m/z 442.2 [M+H+]; MS (ESI-HRMS): m/z calcd. for C20H31N3O4S2 
[M+H+]: 442.1829, found: 442.1825; 49% yield 
 
Methyl ((benzyloxy)carbonyl)-methionyl-methionyl-phenylalaninate (53b): 48 h, 
40 °C; 1H NMR (300.14 MHz, CDCl3): δ 7.39 – 7.10 (m, 10H), 7.08 (d, J = 1.5 Hz, 1H), 
6.95 (d, J = 8.1 Hz, 1H), 5.81 (d, J = 8.2 Hz, 1H), 5.17 – 4.99 (m, 2H), 4.90 – 4.77 (m, 
1H), 4.64 (q, J = 6.9 Hz, 1H), 4.40 (q, J = 7.3 Hz, 1H), 3.69 (s, 3H), 3.08 (t, J = 6.0 Hz, 
2H), 2.57 – 2.44 (m, 4H), 2.05 (s, 3H), 2.01 (s, 3H), 1.99 – 1.86 (m, 4H); 13C NMR 
(125.71 MHz, CDCl3): δ 171.54, 171.12, 170.41, 156.13, 136.16, 135.69, 129.21, 
128.67, 128.56, 128.23, 128.09, 127.22, 67.25, 54.06, 53.50, 52.47, 52.28, 37.94, 
31.95, 31.49, 30.25, 30.06, 15.46, 15.19; MS (ESI): m/z 576.2 [M+H+]; MS (ESI-




Methyl L-phenylalanyl-L-methioninate (54a): 1H NMR (300.14 MHz, DMSO-d6): 
δ 8.35 (d, J = 7.8 Hz, 1H), 8.19 – 8.02 (m, 2H), 7.35 – 7.12 (m, 5H), 4.48 – 4.17 (m, 
1H), 3.82 – 3.65 (m, 1H), 3.63 (s, 3H), 3.20 – 2.67 (m, 2H), 2.50 – 2.33 (m, 2H), 2.03 
(s, 3H), 1.92 – 1.84 (m, 2H); MS (ESI): m/z 311.1 [M+H+]; MS (ESI-HRMS): m/z calcd. 
for C15H22N2O3S [M+H+]: 311.1424, found: 311.1425; 52% yield. 
 
Methyl ((benzyloxy)carbonyl)-L-phenylalanyl-L-methioninate (54b): 48 h, 40 °C;  
1H NMR (300.14 MHz, CDCl3): δ 7.41 – 7.14 (m, 10H), 6.57 (d, J = 7.7 Hz, 1H), 5.37 
(d, J = 8.1 Hz, 1H), 5.08 (s, 2H), 4.70 – 4.57 (m, 1H), 4.46 (q, J = 7.2 Hz, 1H), 3.71 (s, 
3H), 3.19 – 2.98 (m, 2H), 2.39 (t, J = 7.7 Hz, 2H), 2.03 (s, 3H), 2.03 – 1.82 (m, 2H); 
13C NMR (125.71 MHz, CDCl3) δ 171.68, 170.67, 155.90, 136.19, 129.36, 128.75, 
128.57, 128.25, 128.07, 127.12, 67.27, 56.31, 52.65, 51.78, 38.47, 31.65, 29.94, 
15.60, 1.24; MS (ESI): m/z 467.1 [M+Na+]; MS (ESI-HRMS): m/z calcd. for 
C23H28N2O5S [M+Na+]: 467.1611, found: 467.1612; 45% yield. 
 
Cinnamaldehyde (55b): 1H NMR (300 MHz, CDCl3): δ 9.52 (d, J = 7.7 Hz, 1H), 
7.44 – 7.35 (m, 2H), 7.31 (s, 1H), 7.28 – 7.24 (m, 3H); 6.53 (dd, J = 16.0, 7.7 Hz, 1H); 
13C NMR (75 MHz, CDCl3): δ 193.56, 152.66, 133.99, 131.22, 129.06, 128.53, 128.46; 
MS (GC-MS): m/z 132 [M+][233]; 90% yield. 
 
2-Methyl-3-phenylacrylaldehyde (56b): 1H NMR (300 MHz, CDCl3): δ 9.59 (s, 1H), 
7.59 – 7.35 (m, 5H), 7.26 (s, 1H), 2.07 (t, J = 1.6 Hz, 3H); 13C NMR (75 MHz, CDCl3): 
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δ 195.62, 149.88, 138.49, 135.26, 130.13, 129.67, 128.82, 11.06; MS (GC-MS): m/z 
146 [M+][234]; 92% yield. 
 
4-Chlorocinnamaldehyde (57b): 1 eq K3PO4; 1H NMR (300 MHz, CDCl3): δ 9.71 (d, 
J = 7.6 Hz, 1H), 7.54 – 7.34 (m, 4H), 6.72 (d, J = 7.6 Hz, 1H), 6.66 (d, J = 7.6 Hz, 1H); 
13C NMR (75 MHz, CDCl3): δ 197.11, 139.32, 135.68, 131.47, 128.93; MS (GC-MS): 
m/z 166 [M+][235]; 72% yield. 
 
3,5-Dimethoxybenzaldehyde (58b): 1H NMR (300 MHz, CDCl3): δ 9.91 (s, 1H), 7.01 
(d, J = 2.4 Hz, 2H), 6.71 (t, J = 2.3 Hz, 1H), 3.85 (s, 6H); 13C NMR (75 MHz, CDCl3): 
δ 192.05, 161.41, 138.57, 107.34, 107.28, 55.79; MS (GC-MS): m/z 166 [M+][236]; 89% 
yield. 
 
3,5-Bis(benzyloxy)benzaldehyde (59b): 1H NMR (300 MHz, CDCl3): δ 9.90 (s, 1H), 
7.50 – 7.33 (m, 10H), 7.11 (d, J = 2.3 Hz, 2H), 6.87 (s, 1H), 5.10 (s, 4H); 13C NMR 
(75 MHz, CDCl3): δ 191.94, 160.65, 160.55, 136.38, 128.84, 128.38, 127.71, 108.86, 
108.48, 70.56; MS (GC-MS): m/z 318 [M+][237]; 95% yield. 
 
3,4,5-Trimethoxybenzaldehyde (60b): 1H NMR (300 MHz, CDCl3): δ 9.85 (s, 1H), 
7.11 (s, 2H), 3.92 (s, 3H), 3.91 (s, 6H); 13C NMR (75 MHz, CDCl3): δ 191.12, 153.74, 




3,4-Dimethoxybenzaldehyde (61b): 1H NMR (300 MHz, CDCl3): δ 9.81 (s, 1H), 7.41 
(dd, J = 8.2, 1.9 Hz, 1H), 7.36 (d, J = 1.9 Hz, 1H), 6.94 (d, J = 8.2 Hz, 1H), 3.92 (s, 3H), 
3.90 (s, 3H); 13C NMR (75 MHz, CDCl3): δ 190.86, 154.50, 149.64, 130.16, 126.83, 
110.44, 108.99, 56.18, 56.01; MS (GC-MS): m/z 166 [M+][239]; 90% yield. 
 
3-Methoxybenzaldehyde (62b): 1H NMR (300 MHz, CDCl3): δ 9.97 (s, 1H), 
7.53 – 7.34 (m, 3H), 7.25 – 7.08 (m, 1H), 3.86 (s, 3H); 13C NMR (75 MHz, CDCl3): 
δ 192.21, 160.28, 137.94, 130.14, 123.63, 121.62, 112.19, 55.59; MS (GC-MS): m/z 
136 [M+][240]; 60% yield. 
 
4-Biphenylmethanal (63b): 1H NMR (300 MHz, CDCl3): δ 10.07 (s, 1H), 8.00 – 7.91 
(m, 2H), 7.80 – 7.74 (m, 2H), 7.68 – 7.62 (m, 2H), 7.54 – 7.40 (m, 3H); 13C NMR 
(75 MHz, CDCl3): δ 192.06, 147.36, 139.88, 135.36, 130.42, 129.16, 128.62, 127.84, 
127.52; MS (GC-MS): m/z 182 [M+][241]; 68% yield. 
 
2-Naphthaldehyde (64b): 1H NMR (300 MHz, CDCl3): δ 10.16 (s, 1H), 8.34 (d, 
J = 1.1 Hz, 1H), 8.06 – 7.85 (m, 4H), 7.70 – 7.53 (m, 2H); 13C NMR (75 MHz, CDCl3): 
δ 192.32, 136.59, 134.62, 134.28, 132.79, 129.65, 129.23, 128.21, 127.21, 122.92; 




3,5-Di-tert-butylbenzaldehyde (65b): 1H NMR (300 MHz, CDCl3): δ 10.01 (s, 1H), 
7.78 – 7.69 (m, 3H), 1.37 (s, 18H); 13C NMR (75 MHz, CDCl3): δ 193.31, 151.99, 
136.37, 129.02, 124.28, 35.12, 31.47; MS (GC-MS): m/z 218 [M+][243]; 63% yield. 
 
Benzaldehyde (66b): 1H NMR (300 MHz, CDCl3): δ 10.00 (s, 1H), 7.91 – 7.83 (m, 2H), 
7.67 – 7.59 (m, 1H), 7.55 – 7.46 (m, 2H); 13C NMR (75 MHz, CDCl3): δ 192.46, 136.48, 
134.52, 129.79, 129.06; MS (GC-MS): m/z 106 [M+][244]; 65% yield. 
 
8-Methoxy-2,3-dihydrobenzo[b][1,4]dioxine-6-carbaldehyde (67b): 1H NMR 
(300 MHz, CDCl3): δ 9.97 (s, 1H), 7.44 (s, 2H), 4.61 – 4.48 (m, 4H), 4.13 (s, 3H); 13C 
NMR (75 MHz, CDCl3): δ 190.91, 120.15, 114.69, 103.28, 65.07, 64.13, 56.48, 29.87, 
29.87, 29.71; MS (GC-MS): m/z 194 [M+][245]; 65% yield. 
  
3-Nitrobenzaldehyde (68b): 1 eq K3PO4; 1H NMR (300 MHz, CDCl3): δ 10.12 (d, 
J = 0.5 Hz, 1H), 8.71 (ddd, J = 2.1, 1.6, 0.5 Hz, 1H), 8.49 (ddd, J = 8.2, 2.3, 1.1 Hz, 
1H), 8.23 (ddd, J = 7.6, 1.2 Hz, 1H), 7.83 – 7.71 (m, 1H); 13C NMR (75 MHz, CDCl3): 
δ 189.83, 148.93, 137.53, 134.75, 130.51, 128.71, 124.60; MS (GC-MS): m/z 151 
[M+][246]; 41% yield. 
 
Benzo[d][1,3]dioxole-5-carbaldehyde (69b): 1H NMR (300 MHz, Chloroform-d): 
δ 9.81 (s, 1H), 7.41 (dd, J = 7.9, 1.6 Hz, 1H), 7.34 (dd, J = 1.6, 0.4 Hz, 1H), 6.93 (dd, 
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J = 7.9, 0.4 Hz, 1H), 6.08 (s, 2H); 13C NMR (75 MHz, CDCl3): δ 190.37, 153.25, 148.87, 
132.08, 128.75, 108.50, 107.11, 102.24; MS (GC-MS): m/z 150 [M+][247]; 26% yield. 
 
Chalcone (71b): 1H NMR (300 MHz, CDCl3): δ 8.00 – 7.92 (m, 2H), 7.74 (d, 
J = 15.7 Hz, 1H), 7.62 – 7.38 (m, 6H), 7.38 – 7.31 (m, 3H); 13C NMR (75 MHz, CDCl3): 
δ 190.55, 144.84, 138.23, 134.91, 132.77, 130.54, 128.96, 128.63, 128.51, 128.45, 
122.13; MS (GC-MS): m/z 208 [M+][248]; 95% yield. 
 
1-(Benzo[d][1,3]dioxol-5-yl)-4-methylpent-1-en-3-one (72b): 1H NMR (300 MHz, 
CDCl3): δ 7.64 – 7.54 (m, 1H), 7.12 – 7.03 (m, 2H), 6.96 (d, J = 15.5 Hz, 1H), 6.82 (d, 
J = 8.0 Hz, 1H), 6.01 (d, J = 0.4 Hz, 2H), 1.56 (s, 1H), 1.22 (d, J = 0.4 Hz, 6H); 13C NMR 
(75 MHz, CDCl3): δ 204.32, 142.84, 129.55, 124.93, 120.14, 118.99, 118.96, 108.74, 
106.75, 101.69, 43.33, 26.56; MS (ESI-HRMS): m/z calcd. for C14H16O3 [M+H+]: 
233.1172, found: 233.1170; 67% yield. 
 
Benzophenone (73b): 1H NMR (300 MHz, CDCl3): δ 7.85 – 7.78 (m, 4H), 7.63 – 7.55 
(m, 2H), 7.52 – 7.45 (m, 4H); 13C NMR (75 MHz, CDCl3): δ 196.82, 137.75, 132.51, 
130.16, 128.39; MS (GC-MS): m/z 182 [M+][235]; 95% yield. 
 
4,4’-Dichlorobenzophenone (74b): 1H NMR (300 MHz, CDCl3): δ 7.76 – 7.70 (m, 
4H), 7.51 – 7.44 (m, 4H); 13C NMR (75 MHz, CDCl3): δ 194.43, 139.32, 135.68, 131.47, 




3-(trifluoromethyl)benzophenone (75b): 1H NMR (300 MHz, CDCl3): δ 8.11 – 8.03 
(m, 1H), 8.03 – 7.93 (m, 1H), 7.88 – 7.77 (m, 3H), 7.67 – 7.60 (m, 2H), 7.56 – 7.47 (m, 
2H); 13C NMR (75 MHz, CDCl3): δ 195.18, 138.28, 136.75, 133.10, 133.09, 132.99, 
130.01, 128.93, 128.84, 128.55, 126.71; MS (GC-MS): m/z 250 [M+][250]; 96% yield. 
 
4,4‘-Difluorobenzophenone (76b): 1H NMR (300 MHz, CDCl3): δ 7.90 – 7.70 (m, 4H), 
7.23 – 7.10 (m, 4H); 13C NMR (75 MHz, CDCl3): δ 193.89, 167.21, 163.84, 133.86, 
133.82, 132.67, 132.55, 115.83, 115.53; MS (GC-MS): m/z 218 [M+][251]; 70% yield. 
 
Phenyl(o-tolyl)methanone (77b): 1H NMR (300 MHz, CDCl3): δ 7.80 – 7.71 (m, 2H), 
7.58 – 7.49 (m, 1H), 7.49 – 7.14 (m, 6H), 2.29 (q, J = 0.5 Hz, 3H); 13C NMR (75 MHz, 
CDCl3): δ 198.73, 138.75, 137.87, 136.85, 133.24, 131.11, 130.35, 130.24, 128.62, 
128.57, 125.31, 20.10; MS (GC-MS): m/z 196 [M+][252]; 70% yield. 
 
4,4‘-Dimethoxybenzophenone (78b): 1H NMR (300 MHz, CDCl3): δ 7.83 – 7.74 (m, 
4H), 6.99 – 6.91 (m, 4H), 3.89 (s, 6H); 13C NMR (75 MHz, CDCl3): δ 194.42, 162.83, 
132.20, 130.78, 113.45, 55.45; MS (GC-MS): m/z 242 [M+][251]; 62% yield. 
 
1-Indanone (79b): 1H NMR (300 MHz, CDCl3): δ 7.81 – 7.70 (m, 1H), 7.64 – 7.57 (m, 
1H), 7.53 – 7.42 (m, 1H), 7.43 – 7.33 (m, 1H), 3.29 – 3.07 (m, 2H), 2.78 – 2.62 (m, 
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2H); 13C NMR (75 MHz, CDCl3): δ 207.16, 155.26, 137.21, 134.70, 127.39, 126.81, 
123.83, 36.34, 25.93; MS (GC-MS): m/z 132 [M+][253]; 73% yield. 
 
Xanthydrone (80b): 1H NMR (300 MHz, CDCl3): δ 8.34 (ddd, J = 8.0, 1.8, 0.5 Hz, 2H), 
7.76 – 7.67 (m, 2H), 7.48 (ddd, J = 8.5, 1.1, 0.5 Hz, 2H), 7.37 (ddd, J = 8.1, 7.1, 1.1 
Hz, 2H); 13C NMR (75 MHz, CDCl3): δ 177.31, 156.29, 134.92, 126.85, 124.02, 121.98, 
118.09; MS (GC-MS): m/z 196 [M+][254]; 97% yield. 
 
α-Tetralone (81b): 1H NMR (300 MHz, CDCl3): δ 8.06 – 7.97 (m, 1H), 7.53 – 7.43 (m, 
1H), 7.38 – 7.20 (m, 2H), 2.96 (t, J = 6.1 Hz, 2H), 2.71 – 2.59 (m, 2H), 2.21 – 2.08 (m, 
2H); 13C NMR (75 MHz, CDCl3): δ 198.40, 144.57, 133.46, 132.74, 128.86, 127.26, 
126.71, 39.27, 29.81, 23.40; MS (GC-MS): m/z 146 [M+][255]; 58% yield. 
 
9-Fluorenone (82b): 1H NMR (300 MHz, CDCl3): δ 7.68 – 7.62 (m, 2H), 7.53 – 7.43 
(m, 4H), 7.28 (ddd, J = 7.4, 6.8, 1.7 Hz, 2H); 13C NMR (75 MHz, CDCl3): δ 194.00, 
144.55, 134.79, 134.28, 129.19, 124.42, 120.42; MS (GC-MS): m/z 180 [M+][256]; 83% 
yield. 
 
Dibenzosuberenone (83b): 1H NMR (300 MHz, CDCl3): δ 8.32 – 8.17 (m, 2H), 
7.67 – 7.58 (m, 2H), 7.57 – 7.49 (m, 4H), 7.05 (s, 2H); 13C NMR (75 MHz, CDCl3): 
δ 193.13, 138.79, 135.03, 132.04, 131.76, 130.86, 130.29, 128.95; MS (GC-MS): m/z 




Phenyl(pyridine-2-yl)methanone (84b): 1H NMR (300 MHz, CDCl3): δ 8.74 (ddd, 
J = 4.8, 1.7, 0.9 Hz, 1H), 8.09 – 8.02 (m, 3H), 7.91 (td, J = 7.7, 1.7 Hz, 1H), 7.63 – 7.56 
(m, 1H), 7.53 – 7.45 (m, 3H); 13C NMR (75 MHz, CDCl3): δ 194.02, 155.27, 148.70, 
137.20, 136.43, 133.06, 131.13, 128.31, 126.29, 124.77; MS (GC-MS): m/z 183 
[M+][258]; 95% yield. 
 
Phenyl(2-furyl)methanone (85b): 1H NMR (300 MHz, CDCl3): δ 7.95 – 7.88 (m, 2H), 
7.64 (dd, J = 1.7, 0.7 Hz, 1H), 7.57 – 7.49 (m, 1H), 7.47 – 7.40 (m, 2H), 7.17 (dd, 
J = 3.6, 0.7 Hz, 1H), 6.53 (dd, J = 3.6, 1.7 Hz, 1H); 13C NMR (75 MHz, CDCl3): 
δ 182.70, 152.50, 147.21, 137.44, 132.71, 129.44, 128.56, 120.65, 112.34; MS (GC-
MS): m/z 172 [M+][259]; 95% yield. 
 
Phenyl(thiophen-2-yl)methanone (86b): 1H NMR (300 MHz, CDCl3): δ 7.89 – 7.84 
(m, 2H), 7.71 (dd, J = 5.0, 1.1 Hz, 1H), 7.64 (dd, J = 3.8, 1.1 Hz, 1H), 7.62 – 7.56 (m, 
1H), 7.53 – 7.45 (m, 2H), 7.16 (dd, J = 5.0, 3.8 Hz, 1H); 13C NMR (75 MHz, CDCl3): 
δ 188.29, 143.73, 138.25, 134.93, 134.29, 132.36, 129.25, 128.51, 128.06; MS (GC-
MS): m/z 188 [M+][260]; 96% yield. 
 
1 eq K3PO4; Benzo[b]thiophen-2-yl(phenyl)methanone (87b): 1H NMR (300 MHz, 
CDCl3): δ 7.96 – 7.89 (m, 4H), 7.87 (dd, J = 2.6, 0.9 Hz, 1H), 7.67 – 7.60 (m, 1H), 
7.57 – 7.39 (m, 4H); 13C NMR (75 MHz, CDCl3): δ 189.77, 143.28, 142.88, 139.22, 
138.04, 132.61, 132.33, 129.41, 128.67, 127.59, 126.20, 125.19, 123.07; MS (GC-




1-Phenyloct-1-en-3-one (88b): 1H NMR (600 MHz, CDCl3): δ 7.59 – 7.53 (m, 3H), 
7.42 – 7.37 (m, 3H), 6.74 (d, J = 16.2 Hz, 1H), 2.70 – 2.63 (m, 2H), 1.73 – 1.65 (m, 
2H), 1.42 – 1.30 (m, 4H), 0.94 – 0.89 (m, 3H); 13C NMR (126 MHz, CDCl3): δ 200.58, 
142.30, 134.70, 130.40, 128.98, 128.29, 126.37, 41.14, 31.74, 24.31, 22.73, 14.18; 
MS (GC-MS): m/z 202 [M+][262]; 64% yield. 
 
1-Phenyldec-1-en-3-one (89b): 1H NMR (600 MHz, CDCl3): δ 7.64 – 7.51 (m, 3H), 
7.40 (d, J = 4.2 Hz, 3H), 6.74 (d, J = 16.2 Hz, 1H), 2.71 – 2.60 (m, 2H), 1.68 (p, J = 7.4 
Hz, 2H), 1.40 – 1.23 (m, 8H), 0.89 (d, J = 7.0 Hz, 3H); 13C NMR (126 MHz, CDCl3): 
δ 200.63, 142.32, 134.73, 130.42, 129.00, 128.31, 126.40, 41.21, 31.93, 29.54, 29.34, 
24.66, 22.86, 14.32; MS (GC-MS): m/z 202 [M+][263]; 90% yield. 
 
64 h, S-Methyl-4-benzoylthiophenol (98b): 1H NMR (300 MHz, CDCl3): δ 7.81 – 7.71 
(m, 4H), 7.64 – 7.54 (m, 1H), 7.53 – 7.43 (m, 2H), 7.36 – 7.27 (m, 2H), 2.54 (s, 3H); 
13C NMR (75 MHz, CDCl3): δ 195.77, 145.26, 137.87, 133.67, 132.16, 130.63, 129.81, 
128.25, 124.86, 14.86; MS (GC-MS): m/z 228 [M+][264]; 73% yield. 
 
40 h, 3-Cyanobenzophenone (99b): 1H NMR (300 MHz, CDCl3): δ 8.20 – 8.00 (m, 
2H), 7.90 – 7.73 (m, 3H), 7.68 – 7.57 (m, 2H), 7.56 – 7.49 (m, 2H); 13C NMR (75 MHz, 
CDCl3): δ 194.36, 138.63, 135.32, 133.81, 133.26, 130.06, 129.98, 129.38, 128.66, 




(4-Fluorophenyl)(4-(phenylethynyl)phenyl)methanone (100b): 1H NMR (300 MHz, 
CDCl3): δ 7.88 – 7.81 (m, 2H), 7.80 – 7.74 (m, 2H), 7.67 – 7.61 (m, 2H), 7.60 – 7.54 
(m, 2H), 7.41 – 7.36 (m, 3H), 7.23 – 7.14 (m, 2H); 13C NMR (75 MHz, CDCl3): δ 194.58, 
167.27, 163.90, 136.79, 132.79, 131.91, 131.63, 130.05, 128.97, 128.60, 127.85, 
122.81, 115.85, 92.73, 88.71; MS (GC-MS): m/z 300 [M+][266]; 93% yield. 
 
3-(4-Nitrophenyl)acrylaldehyde (101b): 1H NMR (300 MHz, CDCl3): δ 9.78 (d, 
J = 7.4 Hz, 1H), 8.33 – 8.23 (m, 2H), 7.77 – 7.68 (m, 2H), 7.53 (d, J = 16.1 Hz, 1H), 
6.81 (dd, J = 16.1, 7.4 Hz, 1H); 13C NMR (75 MHz, CDCl3): δ 192.88, 148.91, 140.07, 
131.89, 129.17, 124.48; MS (GC-MS): m/z 177 [M+][267]; 81% yield. 
 
1 eq K3PO4; Methyl 3-benzoylbenzoate (102b): 1H NMR (300 MHz, CDCl3): 
δ 8.48 – 8.40 (m, 1H), 8.30 – 8.23 (m, 1H), 8.06 – 7.96 (m, 1H), 7.85 – 7.76 (m, 2H), 
7.67 – 7.47 (m, 4H), 3.94 (s, 3H); 13C NMR (75 MHz, CDCl3): δ 195.29, 166.45, 138.15, 
137.24, 134.21, 133.34, 132.95, 131.13, 130.58, 130.21, 128.76, 128.64, 52.54; MS 
(GC-MS): m/z 240 [M+][268]; 73% yield. 
 
3-Formylbenzophenone (103b): 1H NMR (300 MHz, CDCl3): δ 10.09 (s, 1H), 
8.30 – 8.24 (m, 1H), 8.16 – 8.05 (m, 2H), 7.84 – 7.78 (m, 2H), 7.73 – 7.59 (m, 2H), 
7.56 – 7.47 (m, 2H); 13C NMR (75 MHz, CDCl3): δ 195.60, 191.51, 138.70, 137.01, 
136.53, 135.57, 133.13, 132.81, 131.47, 130.16, 129.40, 128.72; MS (GC-MS): m/z 




Combretastatin A4 (190b): 1H NMR (300 MHz, CDCl3): δ 7.14 (d, J = 2.1 Hz, 1H), 
7.03 – 6.80 (m, 5H), 6.71 (s, 1H), 3.91 (d, J = 0.7 Hz, 9H), 3.86 (s, 3H); 13C NMR 
(75 MHz, CDCl3): δ 153.54, 146.57, 145.98, 137.94, 133.47, 131.20, 127.97, 127.25, 
119.33, 111.91, 110.83, 103.61, 61.10, 56.29, 56.16; MS (GC-MS): m/z 316 [M+][270]; 
90% yield. 
 
DMU-212 (191b): 1H NMR (300 MHz, CDCl3): δ 7.50 – 7.40 (m, 2H), 7.03 – 6.85 (m, 
4H), 6.72 (s, 2H), 3.92 (s, 6H), 3.87 (s, 3H), 3.83 (s, 3H); 13C NMR (75 MHz, CDCl3): 
δ 159.47, 153.56, 133.59, 130.20, 127.92, 127.78, 126.74, 114.33, 103.58, 61.11, 
56.30, 55.48; MS (GC-MS): m/z 300 [M+][271]; 96% yield. 
 
1-Phenylpenta-1,4-dien-3-ol (192b I): 1H NMR (300 MHz, CDCl3): δ 7.36 – 7.31 (m, 
2H), 7.29 – 7.23 (m, 2H), 7.22 – 7.16 (m, 1H), 6.56 (dd, J = 15.9, 1.2 Hz, 1H), 6.18 (dd, 
J = 15.9, 6.4 Hz, 1H), 5.93 (ddd, J = 17.2, 10.3, 5.8 Hz, 1H), 5.28 (dt, J = 17.2, 1.4 Hz, 
1H), 5.14 (dt, J = 10.3, 1.3 Hz, 1H), 4.81 – 4.69 (m, 1H), 1.87 (s, 1H); 13C NMR 
(75 MHz, CDCl3): δ 139.38, 136.69, 130.94, 130.47, 128.70, 127.90, 126.67, 115.53, 
73.94; MS (GC-MS): m/z 160 [M+][151]; 95% yield.  
 
5-Phenylpenta-2,4-dien-1-ol (192b II): 1H NMR (300 MHz, CDCl3): δ 7.30 (d, 
J = 7.4 Hz, 2H), 7.22 (t, J = 7.4 Hz, 2H), 7.19 – 7.08 (m, 1H), 6.70 (dd, J = 15.6, 10.4 
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Hz, 1H), 6.46 (d, J = 15.7 Hz, 1H), 6.32 (dd, J = 15.2, 10.4 Hz, 1H), 5.86 (dt, J = 15.2, 
5.9 Hz, 1H), 4.14 (d, J = 5.9 Hz, 2H), 1.82 (s, 1H); 13C NMR (75 MHz, CDCl3): δ 137.22, 
132.83, 132.66, 131.65, 128.71, 128.27, 127.70, 126.49, 63.42; MS (GC-MS): m/z 160 
[M+][151]; 90% yield. 
 
5-Phenylpenta-2,4-dienal (192b): 72 h, 1H NMR (300 MHz, CDCl3): δ 9.62 (d, 
J = 7.9 Hz, 1H), 7.56 – 7.47 (m, 2H), 7.46 – 7.33 (m, 3H), 7.27 (ddd, J = 15.2, 6.9, 3.4 
Hz, 1H), 7.08 – 6.95 (m, 2H), 6.27 (dd, J = 15.2, 7.9 Hz, 1H); 13C NMR (75 MHz, 
CDCl3): δ 193.64, 152.08, 142.54, 135.74, 131.77, 129.81, 129.07, 127.66, 126.34; 
MS (GC-MS): m/z 158 [M+][151]; 95% yield. 
 
Furil (193b): 16 h; 1H NMR (300 MHz, CDCl3): δ 7.78 (dd, J = 1.7, 0.7 Hz, 2H), 7.64 
(dd, J = 3.7, 0.7 Hz, 2H), 6.63 (dd, J = 3.7, 1.7 Hz, 2H); 13C NMR (75 MHz, CDCl3): 
δ 177.00, 149.60, 149.49, 124.78, 113.19; MS (ESI-HRMS): m/z calcd. for C10H6O4 
[M+Na+]: 213.0158, found: 213.0159; 86% yield. 
 
1,2-Di(pyridin-2-yl)ethane-1,2-dione (194b): 25 h; 1H NMR (300 MHz, CDCl3): δ 8.63 
– 8.54 (m, 2H), 8.25 – 8.16 (m, 2H), 7.98 – 7.86 (m, 2H), 7.53 – 7.42 (m, 2H); 13C NMR 
(75 MHz, CDCl3): δ 197.02, 151.94, 149.63, 137.30, 127.98, 122.51; MS (GC-MS): 
m/z 212 [M+][78o]; 79% yield. 
 
1,2-Di(furan-3-yl)ethane-1,2-dione (195b): 16 h; 1H NMR (300 MHz, CDCl3): δ 8.52 
(dd, J = 1.4, 0.8 Hz, 2H), 7.49 (dd, J = 2.0, 1.4 Hz, 2H), 6.92 (dd, J = 1.9, 0.7 Hz, 2H); 
13C NMR (75 MHz, CDCl3): δ 184.27, 152.04, 144.13, 123.11, 109.26; MS (ESI-




1,2-Bis(4-fluorophenyl)ethane-1,2-dione (196b): 40 h; 1H NMR (300 MHz, CDCl3): 
δ 8.14 – 8.02 (m, 2H), 7.33 – 7.21 (m, 2H); 13C NMR (126 MHz, CDCl3): δ 192.18, 
167.91, 165.86, 132.82, 129.45, 116.45; MS (GC-MS): m/z 246 [M+][78o]; 76% yield. 
 
Benzil (197b): 24 h; 1H NMR (300 MHz, CDCl3): δ 8.04 – 7.93 (m, 4H), 7.72 – 7.61 
(m, 2H), 7.57 – 7.44 (m, 4H); 13C NMR (75 MHz, CDCl3): δ 194.68, 135.00, 133.16, 
130.04, 129.15; MS (GC-MS): m/z 210 [M+][272]; 85% yield. 
 
4,4‘-Dichlorobenzil (198b): 20 h; 1H NMR (300 MHz, Acetone-d6): δ 7.88 (d, 
J = 8.9 Hz, 4H), 7.54 (d, J = 8.9 Hz, 4H); 13C NMR (126 MHz, Acetone-d6): δ 193.35, 
141.79, 132.20, 130.28; MS (GC-MS): m/z 278 [M+][273]; 83% yield. 
 
4,4‘-Dimethylbenzil (199b): 40 h; 1H NMR (300 MHz, CDCl3): δ 8.08 – 7.73 (m, 4H), 
7.40 – 7.21 (m, 4H), 2.43 (s, 6H); 13C NMR (126 MHz, CDCl3): δ 194.42, 146.07, 
130.76, 130.03, 129.73, 22.10; MS (GC-MS): m/z 238 [M+][78o]; 74% yield. 
 
4,4‘-Diethylbenzil (200b): 40 h; 1H NMR (300 MHz, CDCl3): δ 8.03 – 7.82 (m, 4H), 
7.35 – 7.30 (m, 4H), 2.72 (q, J = 7.6 Hz, 4H), 1.26 (t, J = 7.6 Hz, 6H); 13C NMR 
(126 MHz, CDCl3): δ 194.67, 146.32, 131.01, 130.28, 129.98, 28.23, 14.40; MS (GC-




1,2-Di(thiophen-3-yl)ethane-1,2-dione (201b): 16 h; 1H NMR (300 MHz, CDCl3): 
δ 8.36 (dd, J = 2.9, 1.2 Hz, 2H), 7.70 (dd, J = 5.1, 1.2 Hz, 2H), 7.39 (dd, J = 5.1, 2.9 Hz, 
2H); 13C NMR (75 MHz, CDCl3): δ 185.90, 137.80, 137.50, 127.71, 127.01; MS (GC-
MS): m/z 222 [M+][275]; 71% yield. 
 
1,2-Di(thiophen-2-yl)ethane-1,2-dione (202b): 24 h; 1H NMR (300 MHz, CDCl3): 
δ 8.07 (dd, J = 3.9, 1.2 Hz, 2H), 7.84 (dd, J = 4.9, 1.2 Hz, 2H), 7.21 (dd, J = 4.9, 3.9 Hz, 
2H); 13C NMR (75 MHz, CDCl3): δ 182.55, 138.77, 137.60, 137.39, 128.80; MS (ESI-
HRMS): m/z calcd. for C10H6O2S2 [M+Na+]: 244.9701, found: 244.9703; 70% yield. 
 
1,2-Bis(4-methylthiazol-2-yl)ethane-1,2-dione (203b): 16 h; 1H NMR (300 MHz, 
CDCl3): δ 7.41 (d, J = 0.9 Hz, 2H), 2.51 (s, 6H); 13C NMR (75 MHz, CDCl3): δ 184.67, 
161.83, 157.12, 123.21, 17.26; MS (ESI-HRMS): m/z calcd. for C10H8N2O2S2 [M+H+]: 
253.0100, found: 253.0103; 82% yield. 
 
1,2-Di(pyridin-3-yl)ethane-1,2-dione (204b): 24 h; 1H NMR (300 MHz, CDCl3): δ 9.22 
(d, J = 2.7 Hz, 2H), 8.90 (d, 2H), 8.36 (d, 2H), 7.66 – 7.41 (m, 2H); 13C NMR (75 MHz, 
CDCl3): δ 13C NMR (75 MHz, CDCl3) δ 189.92, 154.08, 150.48, 136.08, 127.31, 
122.93; MS (ESI-HRMS): m/z calcd. for C12H8N2O2 [M+H+]: 213.0659, found: 





1,2-Bis(5-(hydroxymethyl)furan-2-yl)ethane-1,2-dione (205b): 24 h; 1H NMR 
(300 MHz, DMSO-d6): δ 7.57 (d, J = 3.6 Hz, 2H), 6.65 (d, J = 3.7 Hz, 2H), 5.61 (t, 
J = 6.0 Hz, 2H), 4.55 (d, J = 5.9 Hz, 4H); 13C NMR (75 MHz, DMSO-d6): δ 177.63, 
164.03, 147.85, 126.02, 110.30, 55.98; MS (ESI-HRMS): m/z calcd. for C12H10O6 
[M+Na+]: 273.0370, found: 273.0363; 74% yield. 
 
1,2-Di(benzofuran-2-yl)ethane-1,2-dione (206b): 24 h; 1H NMR (300 MHz, CDCl3): 
δ 8.03 (d, J = 1.0 Hz, 2H), 7.81 – 7.76 (m, 2H), 7.70 – 7.61 (m, 2H), 7.61 – 7.53 (m, 
2H), 7.43 – 7.31 (m, 2H); 13C NMR (75 MHz, CDCl3): δ 178.79, 156.84, 149.41, 130.15, 
127.17, 124.61, 124.41, 121.17, 112.85; MS (ESI-HRMS): m/z calcd. for C18H10O4 
[M+H+]: 291.0652, found: 291.0645; 79% yield. 
 
1,2-Bis(5-methylfuran-2-yl)ethane-1,2-dione (207b): 24 h; 1H NMR (300 MHz, 
CDCl3):δ 7.52 (dd, J = 3.6, 0.6 Hz, 2H), 6.25 (dd, J = 3.6, 0.9 Hz, 2H), 2.54 – 2.33 (s, 
6H); 13C NMR (75 MHz, CDCl3): δ 176.84, 161.37, 148.77, 126.85, 110.28, 14.40; MS 
(ESI-HRMS): m/z calcd. for C12H10O4 [M+Na+]: 241.0471, found: 241.0471; 75% yield. 
 
1-(Furan-2-yl)-2-(thiophen-2-yl)ethane-1,2-dione (208b): 40 h; furan-2-carbalde-
hyde (0.25 mmol), thiophene-2-carbaldehyde (0.375 mmol); 1H NMR (300 MHz, 
CDCl3): δ 8.07 (dd, J = 3.9, 1.2 Hz, 1H), 7.84 (dd, J = 4.9, 1.2 Hz, 1H), 7.78 (dd, J = 1.7, 
0.7 Hz, 1H), 7.63 (dd, J = 3.7, 0.7 Hz, 1H), 7.21 (dd, J = 4.9, 3.9 Hz, 1H), 6.64 (dd, 
J = 3.7, 1.7 Hz, 1H); 13C NMR (75 MHz, CDCl3): δ 182.11, 177.55, 149.51, 138.92, 





1-(Furan-2-yl)-2-(thiophen-3-yl)ethane-1,2-dione (209b): 40 h; furan-2-carbalde-
hyde (0.25 mmol), thiophene-3-carbaldehyde (0.375 mmol); 1H NMR (300 MHz, 
CDCl3): δ 8.46 (dd, J = 2.9, 1.2 Hz, 1H), 7.77 (dd, J = 1.7, 0.7 Hz, 1H), 7.71 (dd, J = 5.2, 
1.2 Hz, 1H), 7.53 (dd, J = 3.7, 0.7 Hz, 1H), 7.38 (dd, J = 5.1, 2.9 Hz, 1H), 6.63 (dd, 
J = 3.7, 1.7 Hz, 1H); 13C NMR (75 MHz, CDCl3): δ 183.96, 178.92, 149.90, 149.37, 
137.83, 137.51, 127.81, 126.90, 124.24, 113.11; MS (ESI-HRMS): m/z calcd. for 
C10H6O3S [M+Na+]: 228.9930, found: 228.9932; 70% yield. 
 
1-(Furan-2-yl)-2-phenylethane-1,2-dione (210b): 48 h; furan-2-carbaldehyde 
(0.25 mmol), benzaldehyde (0.375 mmol); 1H NMR (300 MHz, CDCl3): δ 8.10 – 7.97 
(m, 2H), 7.76 (dd, J = 1.7, 0.7 Hz, 1H), 7.72 – 7.60 (m, 1H), 7.57 – 7.47 (m, 2H), 7.39 
(dd, J = 3.7, 0.7 Hz, 1H), 6.63 (dd, J = 3.6, 1.7 Hz, 1H); 13C NMR (75 MHz, CDCl3): 
δ 191.68, 180.56, 150.17, 149.31, 135.00, 132.81, 130.35, 129.08, 123.39, 113.11 MS 
(GC-MS): m/z 200 [M+][276]; 74% yield. 
 
1-(4-Ethoxyphenyl)-2-(furan-2-yl)ethane-1,2-dione (211b): 48 h; furan-2-carbalde-
hyde (0.25 mmol), 4-ethoxy benzaldehyde (0.375 mmol); 1H NMR (300 MHz, CDCl3): 
δ 8.08 – 7.95 (m, 2H), 7.74 (dd, J = 1.6, 0.7 Hz, 1H), 7.37 (dd, J = 3.7, 0.7 Hz, 1H), 
7.01 – 6.86 (m, 2H), 6.61 (dd, J = 3.7, 1.7 Hz, 1H), 4.13 (q, J = 7.0 Hz, 2H), 1.45 (t, 
J = 7.0 Hz, 3H); 13C NMR (75 MHz, CDCl3): δ 190.22, 181.09, 164.63, 150.33, 149.06, 
132.86, 125.59, 123.19, 114.86, 112.99, 64.18, 14.74; MS (ESI-HRMS): m/z calcd. for 






1-(4-Fluorophenyl)-2-(p-tolyl)ethane-1,2-dione (212b): 48 h; 4-methyl benzalde-
hyde (0.25 mmol), 4-fluoro benzaldehyde (0.375 mmol); purified via GPC; 1H NMR 
(300 MHz, CDCl3): δ 8.08 – 7.95 (m, 2H), 7.91 – 7.82 (m, 2H), 7.37 – 7.23 (m, 2H), 
7.23 – 7.12 (m, 2H), 2.44 (s, 3H); 13C NMR (75 MHz, CDCl3): δ 193.94, 168.89, 146.51, 
132.93, 132.80, 130.64, 130.22, 129.94, 116.64, 116.35, 22.10; MS (ESI-HRMS): m/z 
calcd. for C15H11FO2 [M+H+]: 265.0635, found: 265.0636; 65% yield. 
 
1-(Furan-2-yl)-2-(p-tolyl)ethane-1,2-dione (213b): 36 h; furan-2-carbaldehyde 
(0.25 mmol), 4-methyl benzaldehyde (0.375 mmol); 1H NMR (300 MHz, CDCl3): δ 7.98 
– 7.88 (m, 2H), 7.75 (dd, J = 1.7, 0.7 Hz, 1H), 7.37 (dd, J = 3.7, 0.7 Hz, 1H), 7.34 – 7.28 
(m, 2H), 6.61 (dd, J = 3.7, 1.7 Hz, 1H), 2.44 (s, 3H); 13C NMR (75 MHz, CDCl3): 
δ 191.40, 180.87, 150.23, 149.17, 146.34, 130.46, 130.34, 129.81, 123.23, 113.04, 
22.07; MS (ESI-HRMS): m/z calcd. for C13H10O3 [M+Na+]: 237.0522, found: 237.0525; 
70% yield. 
 
1-(Furan-2-yl)-2-(5-methylfuran-2-yl)ethane-1,2-dione (214b): 36 h; furan-2-carbal-
dehyde (0.25 mmol), 5-methyl furan-2-carbaldehyde (0.375 mmol); purified via GPC; 
1H NMR (300 MHz, CDCl3): δ 7.76 (dd, J = 1.6, 0.8 Hz, 1H), 7.62 (dd, J = 3.7, 0.8 Hz, 
1H), 7.55 (dd, J = 3.6, 0.8 Hz, 1H), 6.62 (dd, J = 3.7, 1.7 Hz, 1H), 6.27 (d, J = 2.7 Hz, 
1H), 2.46 (s, 3H); 13C NMR (75 MHz, CDCl3): δ 177.56, 161.66, 149.79, 149.28, 
148.62, 127.10, 124.58, 113.12, 110.40, 14.43; MS (ESI-HRMS): m/z calcd. for 







48 h; 5-methyl furan-2-carbaldehyde (0.25 mmol), 5-(hydroxymethyl) furan-2-carbal-
dehyde (0.375 mmol); 1H NMR (300 MHz, CDCl3): δ 7.58 (d, J = 3.6 Hz, 1H), 7.54 (dd, 
J = 3.6, 0.6 Hz, 1H), 6.53 (d, J = 3.6 Hz, 1H), 6.27 (dd, J = 3.6, 0.9 Hz, 1H), 4.75 (s, 
2H), 2.46 (s, 3H); 13C NMR (75 MHz, CDCl3): δ 177.39, 176.27, 161.82, 161.69, 
149.33, 148.62, 127.14, 125.86, 110.52, 110.42, 57.97, 14.43; MS (ESI-HRMS): m/z 
calcd. for C12H10O5 [M+H+]: 235.0601, found: 235.0601; 64% yield. 
 
1-(Furan-2-yl)-2-(furan-3-yl)ethane-1,2-dione (216b): 36 h; furan-2-carbaldehyde 
(0.25 mmol), furan-3-carbaldehyde (0.375 mmol); 1H NMR (300 MHz, CDCl3): δ 8.48 
(dd, J = 1.4, 0.8 Hz, 1H), 7.82 – 7.73 (m, 1H), 7.72 – 7.64 (m, 1H), 7.49 (dd, J = 1.9, 
1.4 Hz, 1H), 6.92 (dd, J = 2.0, 0.8 Hz, 1H), 6.63 (dd, J = 3.7, 1.7 Hz, 1H); 13C NMR: 
(75 MHz, CDCl3): δ 184.08, 177.03, 152.03, 149.56, 149.45, 144.27, 124.94, 123.39, 
113.17, 109.09; MS (ESI-HRMS): m/z calcd. for C10H6O4 [M+Na+]: 213.0158, found: 
213.0166; 76% yield. 
 
1-(Pyridin-2-yl)-2-(thiophen-2-yl)ethane-1,2-dione (217b): 48 h; picolinaldehyde 
(0.25 mmol), thiophene-2-carbaldehyde (0.375 mmol); 1H NMR (300 MHz, CDCl3): 
δ 8.75 – 8.68 (m, 1H), 8.24 – 8.15 (m, 1H), 8.01 – 7.88 (m, 1H), 7.83 (dd, J = 4.9, 1.1 
Hz, 1H), 7.70 (dd, J = 3.9, 1.1 Hz, 1H), 7.57 – 7.50 (m, 1H), 7.18 (dd, J = 4.9, 3.9 Hz, 
1H); 13C NMR (75 MHz, CDCl3): δ 192.76, 187.31, 151.59, 150.03, 140.25, 137.38, 
136.38, 136.23, 128.78, 128.21, 123.93; MS (ESI-HRMS): m/z calcd. for C11H7NO2S 





1-(Benzofuran-2-yl)-2-(furan-2-yl)ethane-1,2-dione (218b): 48 h; furan-2-carbalde-
hyde (0.25 mmol), benzofuran-2-carbaldehyde (0.375 mmol); 1H NMR (300 MHz, 
CDCl3): δ 7.99 (d, J = 1.0 Hz, 1H), 7.81 – 7.74 (m, 2H), 7.71 – 7.59 (m, 2H), 7.59 – 7.49 
(m, 1H), 7.41 – 7.27 (m, 1H), 6.66 (dd, J = 3.7, 1.7 Hz, 1H); 13C NMR (75 MHz, CDCl3): 
δ 179.14, 176.87, 156.75, 149.71, 149.57, 149.35, 130.01, 127.17, 125.07, 124.54, 
124.34, 120.88, 113.33, 112.81; MS (ESI-HRMS): m/z calcd. for C14H8O4 [M+H+]: 
241.0495, found: 241.0505; 75% yield. 
 
1-(Furan-2-yl)-2-(5-(hydroxymethyl)furan-2-yl)ethane-1,2-dione (219b): 48 h; fu-
ran-2-carbaldehyde (0.25 mmol), 5-(hydroxymethyl) furan-2-carbaldehyde 
(0.375 mmol); 1H NMR (300 MHz, CDCl3): δ 7.78 (dd, J = 1.7, 0.8 Hz, 1H), 7.63 (dd, 
J = 3.7, 0.8 Hz, 1H), 7.60 (d, J = 3.7 Hz, 1H), 6.63 (dd, J = 3.7, 1.7 Hz, 1H), 6.55 (d, 
J = 3.7 Hz, 1H), 4.76 (s, 2H), 2.22 (s, 1H); 13C NMR (75 MHz, CDCl3): δ 177.01, 176.81, 
162.09, 149.61, 149.53, 149.15, 126.11, 124.85, 113.22, 110.59, 57.96; MS (ESI-
HRMS): m/z calcd. for C11H8O5 [M+H+]: 221.0444, found: 221.0445; 71% yield. 
 
5,6-Bis(4-chlorophenyl)-3-(methylthio)-1,2,4-triazine (258b): 1H NMR (400 MHz, 
CDCl3): δ 7.93 – 7.87 (m, 2H), 7.52 – 7.47 (m, 2H), 7.42 – 7.37 (m, 2H), 7.30 – 7.24 
(m, 2H), 3.23 (s, 3H); 13C NMR (75 MHz, CDCl3): δ 158.39, 148.08, 144.01, 138.17, 
128.92, 128.07, 127.79, 114.55, 112.33, 43.34; MS (ESI-HRMS): m/z calcd. for 





(259b): 1H NMR (300 MHz, CDCl3): δ 7.51 – 7.26 (m, 18H), 7.25 – 7.17 (m, 4H), 6.99 
– 6.92 (m, 4H); 13C NMR (75 MHz, CDCl3): δ 199.75, 153.10, 141.17, 140.84, 135.11, 
131.49, 130.89, 130.72, 129.22, 128.98, 128.87, 128.84, 127.49, 127.19, 126.76, 
125.99; MS (ESI-HRMS): m/z calcd. for C41H26Cl2O [M+H+]: 605.1433, found: 
605.1402[199c]; 69% yield. 
 
5,5-Bis(4-chlorophenyl)-2-iminoimidazolidin-4-one (260b): 1H NMR (300 MHz, 
CDCl3): δ 8.01 (s, 1H), 7.35 (d, J = 8.7 Hz, 4H), 7.21 (d, J = 8.8 Hz, 4H), 4.54 (t, J = 12.4 
Hz, 1H), 2.41 – 1.13 (m, 10H); MS (ESI-HRMS): m/z calcd. for C21H21N3Cl2O [M+H+]: 
402.1134, found: 402.1121[199b]; 55% yield. 
 
2,3-Di(furan-2-yl)quinoxaline (261b): 1H NMR (300 MHz, CDCl3): δ 8.20 – 8.07 (m, 
2H), 7.81 – 7.67 (m, 2H), 7.62 (dd, J = 1.8, 0.8 Hz, 2H), 6.66 (dd, J = 3.5, 0.8 Hz, 2H), 
6.56 (dd, J = 3.5, 1.8 Hz, 2H); 13C NMR (75 MHz, CDCl3): δ 150.96, 144.34, 142.79, 




5,6-Di(furan-2-yl)-2,3-dihydropyrazine (262b): 1H NMR (300 MHz, CDCl3): δ 7.45 
(dd, J = 1.8, 0.8 Hz, 2H), 6.47 (dd, J = 3.5, 0.8 Hz, 2H), 6.39 (dd, J = 3.5, 1.8 Hz, 2H), 
3.60 (s, 4H); 13C NMR (75 MHz, CDCl3): δ 150.42, 149.41, 144.49, 114.15, 111.46, 
45.04; MS (GC-MS): m/z 214 [M+][166]; 77% yield. 
 
4,5-Di(furan-2-yl)-2-phenyloxazole (263b): 1H NMR (300 MHz, CDCl3): δ 7.33 (dd, 
J = 1.8, 0.8 Hz, 2H), 7.30 – 7.15 (m, 5H), 7.06 (dd, J = 3.5, 0.8 Hz, 2H), 6.41 (dd, 
J = 3.5, 1.8 Hz, 2H); 13C NMR (75 MHz, CDCl3): δ 158.39, 148.08, 144.01, 138.17, 
128.92, 128.74, 128.42, 128.07, 127.79, 114.55, 112.33; MS (GC-MS): m/z 277 
[M+][167]; 53% yield. 
 
2,3-Di(furan-2-yl)-6-nitroquinoxaline (264b‘): 1H NMR (300 MHz, Chloroform-d) 
δ 8.99 (dd, J = 2.5, 0.5 Hz, 1H), 8.47 (dd, J = 9.2, 2.5 Hz, 1H), 8.21 (dd, J = 9.2, 0.5 
Hz, 1H), 7.67 (dd, J = 1.8, 0.8 Hz, 1H), 7.65 (dd, J = 1.8, 0.8 Hz, 1H), 6.88 (dd, J = 3.5, 
0.8 Hz, 1H), 6.83 (dd, J = 3.5, 0.8 Hz, 1H), 6.61 (ddd, J = 3.5, 1.8 Hz, 2H); 13C NMR 
(75 MHz, CDCl3) δ 150.34, 150.28, 148.08, 145.58, 145.10, 144.83, 144.34, 143.13, 
139.38, 130.58, 125.47, 123.74, 115.46, 114.61, 112.55, 112.41; MS (GC-MS): m/z 





1-(4-Bromophenyl)-3-(2,3-di(furan-2-yl)quinoxalin-6-yl)urea (264b): 1H NMR 
(300 MHz, C6D6): δ 9.21 (dd, J = 7.5, 1.5 Hz, 1H), 8.14 – 7.95 (m, 2H), 7.90 – 7.78 (m, 
2H), 7.58 (s, 1H), 7.39 (s, 1H), 7.30 (d, J = 7.5 Hz, 2H), 7.26 – 7.16 (m, 2H), 7.09 (d, 
J = 7.6 Hz, 2H), 6.91 – 6.75 (m, 2H); 13C NMR (75 MHz, C6D6): δ 152.97, 149.86, 
146.48, 146.39, 146.03, 141.92, 139.19, 138.80, 136.31, 131.15, 128.06, 121.75, 
120.30, 118.44, 118.24, 112.58, 112.27; MS (ESI-HRMS): m/z calcd. for C23H15BrN4O3 
[M+H+]: 475.0400, found: 475.0376[168]; 58% yield. 
 
4,5-Di(furan-2-yl)-2-phenyl-1H-imidazole (265b): 1H NMR (300 MHz, CDCl3): δ 7.97 
– 7.82 (m, 2H), 7.55 – 7.30 (m, 5H), 7.00 (d, J = 3.3 Hz, 2H), 6.53 (dd, J = 3.4, 1.8 Hz, 
2H); 13C NMR (75 MHz, CDCl3): δ 194.50, 172.68, 141.64, 129.45, 129.09, 125.66, 
120.16, 111.97, 107.94, 107.87; MS (GC-MS): m/z 276 [M+][169]; 82% yield. 
 
N-Benzylideneaniline (266b): 1H NMR (400 MHz, CDCl3): δ 8.50 (s, 1H), 8.01 – 7.89 
(m, 2H), 7.56 – 7.50 (m, 3H), 7.49 – 7.41 (m, 2H), 7.32 – 7.21 (m, 3H); 13C NMR 
(101 MHz, CDCl3): δ 160.46, 152.20, 136.34, 131.47, 129.25, 128.92, 128.87, 126.04, 
120.98; MS (GC-MS): m/z 181 [M+][277]; 96% yield. 
 
1-(4-Methoxyphenyl)-N-phenylmethanimine (267b): 1H NMR (300 MHz, CDCl3): 
δ 8.49 (s, 1H), 7.93 – 7.86 (m, 2H), 7.50 – 7.42 (m, 3H), 7.26 – 7.20 (m, 2H), 
202 
 
6.98 – 6.91 (m, 2H), 3.84 (s, 3H); 13C NMR (75 MHz, CDCl3): δ 158.56, 158.44, 145.10, 
136.62, 131.17, 128.87, 128.73, 122.33, 114.55, 55.66; MS (GC-MS): m/z 211 [M+][278]; 
99% yield. 
 
1-(4-(methylthio)phenyl)-N-phenylmethanimine (268b): 1H NMR (300 MHz, CDCl3): 
δ 8.40 (s, 1H), 7.88 – 7.76 (m, 2H), 7.48 – 7.28 (m, 4H), 7.27 – 7.18 (m, 3H), 2.54 (s, 
3H); 13C NMR (75 MHz, CDCl3): δ 159.71, 152.26, 143.35, 133.08, 130.12, 129.27, 
125.90, 125.38, 121.00, 15.29; MS (GC-MS): m/z 227 [M+][279]; 99% yield. 
 
N-1-bis(4-methoxyphenyl)methanimine (269b): 1H NMR (300 MHz, CDCl3): δ 9.89 
(s, 1H), 7.91 – 7.78 (m, 4H), 7.08 – 6.93 (m, 4H), 3.90 (s, 6H); 13C NMR (75 MHz, 
CDCl3): δ 190.94, 164.76, 132.14, 130.14, 114.47, 55.74; MS (GC-MS): m/z 241 
[M+][280]; 92% yield. 
 
N-(4-ethynylphenyl)-1-phenylmethanimine (270b): 1H NMR (300 MHz, CDCl3): 
δ 7.42 – 7.26 (m, 5H), 7.26 (s, 1H), 6.66 – 6.52 (m, 4H), 2.96 (s, 1H); 13C NMR 
(75 MHz, CDCl3): δ 160.51, 154.19, 133.62, 131.46, 130.38, 127.33, 127.07, 119.67, 
117.13, 112.58, 107.19; MS (GC-MS): m/z 205 [M+][279]; 99% yield. 
 
1-(4-fluorophenyl)-N-(4-methoxyphenyl)methanimine (271b): 1H NMR (300 MHz, 
CDCl3): δ 8.46 (s, 1H), 7.96 – 7.86 (m, 2H), 7.31 – 7.21 (m, 2H), 7.17 (dd, J = 8.9, 
8.4 Hz, 2H), 7.01 – 6.78 (m, 2H), 3.85 (s, 3H); 13C NMR (75 MHz, CDCl3): δ 166.32, 
203 
 
158.50, 156.89, 144.86, 130.57, 122.29, 116.14, 115.85, 114.58, 55.64; MS (GC-MS): 
m/z 229 [M+][281]; 92% yield. 
 
Ethyl 4-(benzyldeneamino)benzoate (272b): 1H NMR (300 MHz, CDCl3): δ 8.43 (s, 
1H), 8.19 – 8.02 (m, 2H), 7.99 – 7.87 (m, 2H), 7.61 – 7.41 (m, 3H), 7.21 (d, J = 8.7 Hz, 
2H), 4.39 (q, J = 7.1 Hz, 2H), 1.41 (t, J = 7.1 Hz, 3H); 13C NMR (75 MHz, CDCl3): 
δ 166.45, 161.70, 156.26, 135.93, 131.97, 130.92, 129.15, 128.96, 127.85, 120.74, 
61.00, 14.49; MS (GC-MS): m/z 253 [M+][282]; 73% yield. 
 
N-Phenyl-1-(4(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)methan-imine 
(273b): 1H NMR (300 MHz, CDCl3): δ 8.48 (s, 1H), 7.91 – 7.86 (m, 2H), 7.49 – 7.44 
(m, 3H), 7.21 – 7.16 (m, 2H), 6.90 – 6.85 (m, 2H), 2.17 (s, 12H); 13C NMR (126 MHz, 
CDCl3): δ 207.20, 158.46, 154.87, 144.86, 136.56, 131.16, 128.87, 128.71, 122.50, 
116.07, 58.86, 31.10; MS (ESI-HRMS): m/z calcd. for C19H22BNO2 [M+H+]: 308.1816, 
found: 308.1818; 64% yield. 
 
N-(4-Nitrophenyl)-1-phenylmethanimine (274b): 1H NMR (300 MHz, CDCl3): δ 8.36 
(s, 1H), 8.24 – 8.17 (m, 2H), 7.85 (dt, J = 7.7, 1.2 Hz, 2H), 7.52 – 7.40 (m, 3H), 
7.23 – 7.12 (m, 2H); 13C NMR (75 MHz, CDCl3): δ 162.79, 132.56, 129.44, 129.13, 




N-(4-fluorophenyl)-1-phenylmethanimine (275b): 1H NMR (300 MHz, CDCl3): 
δ 8.45 (s, 1H), 7.94 – 7.86 (m, 2H), 7.53 – 7.45 (m, 3H), 7.24 – 7.17 (m, 2H), 
7.13 – 7.02 (m, 2H); 13C NMR (75 MHz, CDCl3): δ 160.28, 136.28, 131.58, 128.95, 
128.93, 122.49, 122.39, 116.16, 115.86; MS (GC-MS): m/z 199 [M+][284]; 99% yield. 
 
4-(Benzylideneamino)benzonitrile (276b): 1H NMR (300 MHz, CDCl3): δ 8.40 (s, 
1H), 7.95 – 7.88 (m, 2H), 7.71 – 7.65 (m, 2H), 7.58 – 7.46 (m, 3H), 7.30 – 7.18 (m, 
2H); 13C NMR (75 MHz, CDCl3): δ 162.51, 156.19, 135.62, 133.46, 132.38, 129.33, 
129.07, 121.67, 119.13, 109.19; MS (GC-MS): m/z 206 [M+][285]; 62% yield. 
 
4-(Benzylideneamino)phenol (277b): 1H NMR (300 MHz, CDCl3): δ 8.48 (s, 1H), 7.94 
– 7.82 (m, 2H), 7.47 (ddd, J = 3.4, 2.7, 1.5 Hz, 3H), 7.23 – 7.12 (m, 2H), 6.93 – 6.83 
(m, 2H), 4.90 (s, 1H); 13C NMR (75 MHz, CDCl3): δ 158.74, 131.24, 128.90, 128.77, 
122.52, 116.06; MS (GC-MS): m/z 197 [M+][286]; 99% yield. 
 
N-tert-butyl-1-phenylmethanimine (278b): 1H NMR (300 MHz, CDCl3): δ 8.29 (s, 
1H), 7.83 – 7.71 (m, 2H), 7.45 – 7.35 (m, 3H), 1.32 (s, 9H); 13C NMR (75 MHz, CDCl3): 
δ 155.23, 137.31, 130.25, 128.61, 128.01, 57.34, 29.86; MS (GC-MS): m/z 161 





N,N'-(Ethane-1,2-diyl)bis(1-phenylmethanimine) (279b): 1H NMR (300 MHz, 
CDCl3): δ 8.52 (d, J = 0.5 Hz, 2H), 7.96 – 7.89 (m, 4H), 7.53 – 7.45 (m, 6H), 7.29 (s, 
4H); 13C NMR (75 MHz, CDCl3): δ 159.87, 150.14, 136.44, 131.49, 128.95, 121.97; 
MS (GC-MS): m/z 236 (M+)[288]; 79% yield.  
 
3,4-dihydroisoquinoline (280b): 1H NMR (300 MHz, CDCl3): δ 8.32 (t, J = 2.0 Hz, 
1H), 7.39 – 7.10 (m, 4H), 3.80 – 3.72 (m, 2H), 2.79 – 2.67 (m, 2H); 13C NMR (75 MHz, 
CDCl3): δ 160.33, 136.37, 131.06, 128.57, 127.45, 127.21, 127.11, 47.45, 25.08; MS 
(GC-MS): m/z 131 [M+][289]; 87% yield. 
 
7-Bromo-3,4-dihydroisoquinoline (281b): 1H NMR (300 MHz, CDCl3): δ 8.33 – 8.19 
(s, 1H), 7.47 (dd, J = 8.0, 2.1 Hz, 1H), 7.41 (d, J = 2.1 Hz, 1H), 7.05 (d, J = 8.0 Hz, 1H), 
3.83 – 3.74 (m, 2H), 2.76 – 2.64 (m, 2H); 13C NMR (75 MHz, CDCl3): δ 159.01, 135.21, 
133.97, 130.17, 129.26, 120.58, 120.14, 47.43, 24.62; MS (GC-MS): m/z 209 [M+][101]; 
99% yield. 
 
3,4-Dihydroisoquinoline-7-carbonitrile (282b): 1H NMR (300 MHz, CDCl3): δ 8.35 
(s, 1H), 7.64 (dd, J = 7.8, 1.7 Hz, 1H), 7.59 – 7.53 (m, 1H), 7.31 – 7.27 (m, 1H), 3.89 
– 3.78 (m, 2H), 2.88 – 2.76 (m, 2H); 13C NMR (75 MHz, CDCl3): δ 158.11, 141.53, 
134.31, 130.36, 128.51, 118.15, 111.32, 46.78, 42.68, 25.03; MS (ESI-HRMS): m/z 
calcd. for C10H8N2 [M+H+]: 157.0760, found: 157.0762; 94% yield. 
 
6,7-Diethoxy-3,4-dihydrotetraisoquinoline (283b): 1H NMR (300 MHz, CDCl3): 
δ 8.20 (s, 1H), 6.81 (s, 1H), 6.66 (s, 1H), 4.11 (dq, J = 8.4, 7.0 Hz, 4H), 3.72 (ddd, 
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J = 8.1, 7.0, 2.2 Hz, 2H), 2.69 – 2.62 (m, 2H), 1.46 (td, J = 7.0, 4.7 Hz, 6H); 13C NMR 
(75 MHz, CDCl3): δ 159.91, 151.40, 147.51, 130.13, 121.66, 113.05, 112.19, 65.13, 
64.73, 47.44, 42.83, 24.94, 14.98; MS (ESI-HRMS): m/z calcd. for C13H17NO2 [M+H+]: 
220.1332, found: 220.1335; 91% yield. 
 
6,7-Dimethoxy-3,4-dihydroisoquinoline (284b): 1H NMR (300 MHz, CDCl3): δ 9.05 
(s, 1H), 8.39 (d, J = 5.8 Hz, 1H), 7.51 (d, J = 5.6 Hz, 1H), 7.26 (s, 2H), 7.20 (s, 1H), 
7.07 (s, 1H), 4.04 (s, 6H); 13C NMR (75 MHz, CDCl3): δ 150.12, 142.18, 132.70, 
119.37, 105.49, 104.73, 56.25, 56.21; MS (GC-MS): m/z 191 [M+][289]; 97% yield. 
 
4,5-Dihydro-3H-benzo[c]azepine (285b): 1H NMR (300 MHz, CDCl3): δ 8.50 (s, 1H), 
7.60 – 7.28 (m, 4H), 3.63 (td, J = 6.2, 1.7 Hz, 2H), 2.78 (t, J = 6.8 Hz, 2H), 2.35 – 2.17 
(m, 2H); 13C NMR (75 MHz, CDCl3): δ 163.90, 130.15, 129.91, 129.11, 126.29, 51.60, 
32.71, 32.20; MS (GC-MS): m/z 145 [M+][290]; 72% yield. 
 
2-Phenylquinoxaline (286b): 1H NMR (300 MHz, CDCl3): δ 9.33 (s, 1H), 8.25 – 8.09 
(m, 4H), 7.84 – 7.71 (m, 2H), 7.63 – 7.52 (m, 3H); 13C NMR (75 MHz, CDCl3): δ 152.01, 
143.50, 142.46, 141.73, 136.94, 130.42, 130.33, 129.77, 129.29, 129.26, 127.70; MS 
(GC-MS): m/z 206 [M+][291]; 99% yield. 
 
Phenanthridine (287b): 1H NMR (300 MHz, CDCl3): δ 7.73 – 7.69 (m, 1H), 7.72 – 7.63 
(m, 1H), 7.34 – 7.27 (m, 2H), 7.21 (td, J = 7.4, 1.3 Hz, 1H), 7.17 – 7.06 (m, 2H), 6.84 
(ddd, J = 7.8, 7.3, 1.2 Hz, 1H), 6.67 (ddd, J = 7.9, 1.2, 0.5 Hz, 1H); 13C NMR (75 MHz, 
CDCl3): δ 145.86, 132.89, 128.95, 127.80, 127.27, 126.15, 123.74, 122.57, 120.16, 




Acridine (288b): 1H NMR (300 MHz, CDCl3): δ 8.73 (s, 1H), 8.24 (dd, J = 8.9, 1.0 Hz, 
2H), 8.02 – 7.92 (m, 2H), 7.77 (ddd, J = 8.8, 6.6, 1.4 Hz, 2H), 7.52 (ddd, J = 8.5, 6.6, 
1.1 Hz, 2H); 13C NMR (75 MHz, CDCl3): δ 149.21, 136.11, 130.38, 129.55, 128.31, 
126.70, 125.77; MS (GC-MS): m/z 179 [M+][293]; 97% yield. 
 
2-(Naphthalen-2-yl)quinazolin-4-one (289b): 1H NMR (300 MHz, DMSO-d6): δ 8.38 
(s, 1H), 8.10 – 7.89 (m, 4H), 7.68 (ddd, J = 15.3, 8.1, 1.7 Hz, 2H), 7.54 (dd, J = 6.2, 
3.3 Hz, 2H), 7.31 – 7.22 (m, 1H), 6.81 – 6.75 (m, 1H), 6.69 (td, J = 7.5, 1.2 Hz, 1H); 
13C NMR (75 MHz, DMSO-d6): δ 163.59, 147.86, 138.86, 133.33, 132.99, 132.46, 
128.10, 127.95, 127.56, 127.37, 126.40, 125.84, 124.82, 117.17, 114.94, 114.41; MS 
(ESI-HRMS): m/z calcd. for C18H12N2O [M+H+]: 273.1022, found: 273.1020; 61% yield. 
 
3,6,7,11b-Tetrahydro-4H-pyrazino[2,1-a]isoquinolin-4-one (290b): 1H NMR 
(300 MHz, CDCl3): δ 7.91 – 7.84 (m, 1H), 7.24 – 7.15 (m, 4H), 4.74 – 4.04 (m, 2H), 
3.50 – 3.00 (m, 2H), 3.00 – 2.80 (m, 2H); 13C NMR (75 MHz, CDCl3): δ 157.32, 134.50, 
132.19, 129.54, 127.57, 127.23, 125.79, 122.49, 56.00, 52.41, 37.38, 29.25; MS (GC-
MS): m/z 200 [M+][294]; 77% yield. 
 
Indole (291b): 1H NMR (300 MHz, CDCl3): δ 8.10 – 8.04 (m, 1H), 7.81 (ddt, J = 7.7, 
1.5, 0.8 Hz, 1H), 7.48 (dq, J = 8.1, 1.0 Hz, 1H), 7.39 – 7.24 (m, 3H), 6.70 (ddd, J = 3.1, 
2.0, 1.0 Hz, 1H); 13C NMR (75 MHz, CDCl3): δ 135.89, 127.97, 124.27, 122.08, 120.84, 




5-Methylindole (292b): 1H NMR (300 MHz, CDCl3): δ 7.96 (s, 1H), 7.49 (dd, J = 1.7, 
0.8 Hz, 1H), 7.30 (d, J = 8.3 Hz, 1H), 7.20 – 7.12 (m, 1H), 7.08 (dd, J = 8.3, 1.6 Hz, 
1H), 6.52 (ddd, J = 3.1, 2.1, 1.0 Hz, 1H), 2.51 (s, 3H); 13C NMR (75 MHz, CDCl3): 
δ 134.22, 129.11, 128.25, 124.35, 123.72, 120.45, 110.78, 102.19, 21.55; MS (GC-
MS): m/z 131 [M+][296]; 96% yield. 
 
5-Fluoroindole (293b): 1H NMR (300 MHz, CDCl3): δ 8.12 (s, 1H), 7.36 – 7.23 (m, 
3H), 7.01 – 6.93 (m, 1H), 6.54 (ddd, J = 3.1, 2.1, 0.9 Hz, 1H); 13C NMR (75 MHz, 
CDCl3): δ 159.65, 156.55, 132.45, 128.40, 128.27, 126.02, 111.76, 111.63, 110.71, 
110.36, 105.71, 105.40, 102.96, 102.90, MS (GC-MS): m/z 135 [M+][101]; 93% yield. 
 
5-Bromoindole (294b): 1H NMR (300 MHz, CDCl3): δ 8.14 (s, 1H), 7.81 – 7.76 (m, 
1H), 7.34 – 7.18 (m, 3H), 6.51 (ddd, J = 3.1, 2.1, 0.8 Hz, 1H); 13C NMR (75 MHz, 
CDCl3): δ 134.52, 129.76, 125.48, 124.98, 123.34, 113.16, 112.56, 102.45; MS (GC-
MS): m/z 195 [M+][297]; 91% yield. 
 
Indole-2-carboxylic acid (295b): 1H NMR (300 MHz, CDCl3): δ 8.91 (s, 1H), 
7.78 – 7.68 (m, 1H), 7.48 – 7.43 (m, 1H), 7.41 – 7.33 (m, 2H), 7.25 – 7.13 (m, 1H); 
13C NMR (75 MHz, CDCl3): δ 166.05, 137.30, 127.48, 126.12, 126.07, 122.90, 121.10, 






Pyrido[3,4-b]indole (296b): 1H NMR (300 MHz, CDCl3): δ 8.97 (s, 1H), 8.56 (s, 1H), 
8.47 (d, J = 5.3 Hz, 1H), 8.15 (d, J = 7.9 Hz, 1H), 7.99 (dd, J = 5.3, 1.1 Hz, 1H), 
7.63 – 7.51 (m, 2H), 7.32 (ddd, J = 8.0, 6.3, 1.8 Hz, 1H); 13C NMR (126 MHz, CDCl3): 
δ 140.85, 138.31, 135.92, 133.21, 129.58, 129.05, 122.03, 121.46, 120.51, 115.02, 
111.88; MS (GC-MS): m/z 168 [M+][298]; 78% yield. 
 
Pyrrolo[2,3-b]pyridine (297b): 1H NMR (300 MHz, CDCl3): δ 11.86 (s, 1H), 8.38 (dd, 
J = 4.8, 1.6 Hz, 1H), 7.99 (dd, J = 7.8, 1.6 Hz, 1H), 7.42 (d, J = 3.5 Hz, 1H), 7.11 (dd, 
J = 7.8, 4.8 Hz, 1H), 6.53 (d, J = 3.5 Hz, 1H); 13C NMR (75 MHz, CDCl3): δ 149.04, 
142.36, 129.16, 125.50, 120.72, 115.81, 100.64; MS (GC-MS): m/z 118 [M+][299]; 97% 
yield. 
 
Diethyl 2,6-dimethylpyridine-3,5-dicarboxylate (298b): 1H NMR (300 MHz, CDCl3): 
δ 8.66 (s, 1H), 4.38 (q, J = 7.1 Hz, 4H), 2.83 (s, 6H), 1.40 (t, J = 7.1 Hz, 6H); 13C NMR 
(75 MHz, CDCl3): δ 166.09, 162.34, 141.02, 123.20, 61.53, 25.09, 14.41; MS (GC-
MS): m/z 251 [M+][300]; 99% yield. 
 
Di-tert-butyl-2,6-dimethylpyridine-3,5-dicarboxylate (299b): 1H NMR (300 MHz, 
CDCl3): δ 8.52 (s, 1H), 2.80 (s, 6H), 1.61 (s, 18H); 13C NMR (75 MHz, CDCl3): δ 175.17, 





1,1‘-(2,4,6-Trimethylpyridine-3,5-diyl)bis(ethan-1-one) (300b): 1H NMR (300 MHz, 
CDCl3): δ 2.49 (s, 6H), 2.43 (s, 6H), 2.11 (s, 3H); 13C NMR (75 MHz, CDCl3): δ 205.91, 
152.01, 137.60, 135.69, 32.38, 22.61, 16.10; MS (GC-MS): m/z 205 [M+][302]; 98% 
yield. 
 
Diethyl-2,6-dimethyl-4-phenylpyridine-3,5-dicarboxylate (301b): 1H NMR 
(300 MHz, CDCl3): δ 7.41 – 7.30 (m, 3H), 7.30 – 7.20 (m, 2H), 3.99 (q, J = 7.1 Hz, 4H), 
2.60 (s, 6H), 0.89 (t, J = 7.1 Hz, 6H); 13C NMR (75 MHz, CDCl3): δ 167.99, 155.54, 
146.23, 136.72, 128.52, 128.23, 128.18, 127.05, 61.44, 23.04, 13.67; MS (GC-MS): 
m/z 327 [M+][303]; 99% yield. 
 
2-p-Tolylquinazoline (329b): 1H NMR (300 MHz, CDCl3): δ 9.47 (s, 1H), 8.55 – 8.52 
(m, 2H), 8.11 – 8.07 (m, 1H), 7.95 – 7.89 (m, 2H), 7.64 – 7.59 (m, 1H), 7.38 – 7.34 (m, 
2H), 2.47 (s, 3H); 13C NMR (75 MHz, CDCl3): δ 161.29, 160.55, 150.95, 140.99, 
135.47, 134.15, 129.54, 128.70, 128.67, 128.67, 127.24, 127.15, 123.66, 21.65; MS 
(GC-MS): m/z 220 [M+][304]; 88% yield. 
 
2-(Furan-2-yl)quinazoline (330b): 1H NMR (300 MHz, CDCl3): δ 9.41(s, 1H), 
8.14 – 8.10 (m, 1H), 7.95 – 7.90 (m, 2H), 7.72 – 7.71 (m, 1H), 7.65 – 7.60 (m, 1H), 
7.47 – 7.49 (m, 1H), 6.65 – 6.63 (m, 1H); 13C NMR (75 MHz, CDCl3): δ 160.7, 150.5, 
211 
 
145.3, 134.5, 128.4, 127.3, 123.4, 114.1, 112.3; MS (GC-MS): m/z 196 [M+][304]; 86% 
yield. 
 
2-(Pyridin-3-yl)benzimidazole (331b): 1H NMR (300 MHz, CDCl3): δ 9.07 – 9.06  (m, 
1H), 8.72 – 8.69 (m, 1H), 8.31 – 8.28 (m, 1H), 7.45 – 7.40 (m, 1H), 7.15 – 7.10 (m, 
2H), 6.83 – 6.76 (m, 2H); 13C NMR (75 MHz, CDCl3): δ 153.99, 151.72, 150.72, 142.73, 
136.34, 134.84, 132.18, 128.51, 123.79, 118.47, 117.03, 115.69; MS (GC-MS): m/z 
195 [M+][305]; 91% yield. 
 
Harmine (332b): 1H NMR (300 MHz, CDCl3): δ 8.15 (s, 1H), 7.47 (dd, J = 8.6, 0.7 Hz, 
2H), 7.01 – 6.72 (m, 3H), 3.86 (s, 3H), 2.35 (s, 3H); 13C NMR (126 MHz, DMSO-d6): 
δ 157.12, 156.72, 137.48, 128.51, 120.35, 119.39, 114.53, 110.20, 94.55, 55.14, 
47.61, 22.01; MS (ESI-HRMS): m/z calcd. for C13H12N2O [M+H+]: 213.1022, found: 
213.1024; yield: 71% (CO2 balloon), 45% (0.2 eq CO2, 16 h), 54% (0.2 eq CO2, 24 h), 
58% (0.2 eq CO2, 40 h). 
 
Dehydronifedipine (333b): 1H NMR (300 MHz, CDCl3): δ 7.49 – 7.28 (m, 4H), 2.49 
(s, 6H), 2.43 (s, 6H); 13C NMR (75 MHz, CDCl3): δ 164.49, 130.74, 130.50, 129.70, 
126.88, 52.19, 33.31; MS (ESI-HRMS): m/z calcd. for C17H16N2O6 [M+H+]: 345.1081, 
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